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(57)Abstract: 

PROBLEM TO BE SOLVED: To provide an equHength nanowire 
and a circuit device vertically interconnected by the nanowire. 
SOLUTION: This vertically interconnected circuit device is 
provided. The circuit device has at least two circuit layers, and 
a plurality of equHength nanowires arranged between the 
circuit layers. The nanowires comprise composites having a 
heterojunction present along the length thereof to provide for a , 
variety of device applications. This method for making the 
circuit device includes a step for growing the plurality of 
nanowires on a removable substrate (a), a step for equalizing 
the length of the nanowires and for making the length of each of 
the plurality of nanowires nearly equal (b), a step for 
transferring and joining exposed ends of the plurality of 
nanowires to a first circuit layer (c), and a step for removing the 
substrate (d). The nanowire joined to the first circuit layer is 
further joined to a second one, thus forming the vertically 
interconnected circuit device. 
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* NOTICES * 
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damages caused by the use of this translation. 

1 .This document has been translated by computer. So the translation may not reflect the original precisely. 
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CLAIMS 



[Claim(s)] 

[Claim 1 ] The product characterized by having the circuit device which is arranged between two circuitry 
layers even if there are not at least two circuitry layers and these **, and interconnects two circuitry layers 
electrically even if this ** cannot be found, and which consists of a nano wire of two or more in general 
equal die length. 

[Claim 2] The product according to claim 1 characterized by what each diameter of two or more of said 
nano wires is less than 500nm. 

[Claim 3] The product according to claim 1 characterized by what each of two or more of said nano wires 
has aligned in general perpendicularly. 

[Claim 4] With at least two circuitry layers, it is arranged perpendicularly, and has the circuit device which 
consists two circuitry layers of a nano wire of two or more in general parallel and equal die length which 
interconnects electrically even if this ** cannot be found. It is the product characterized by for each diameter 
of two or more of said nano wires being less than 500nm, and each of two or more of said nano wires being 
joined to one side of said at least two circuitry layers by the metal soldered joint. 

[Claim 5] Said two or more nano wires are products according to claim 4 characterized by what mechanical 

comp rye ANSI for avoiding the integrity problems relevant to external force is shown for. 

[Claim 6] Said two or more nano wires are products according to claim 4 characterized by what is chosen 

from the group which consists of a nano wire formed from a carbon nanotube, a semi-conductor nanotube 

and metals, alloys, oxides, nitrides, borides, or at least one kind in the mixed ceramics. 

[Claim 7] The product according to claim 4 with which the one die length of the arbitration of said nano 

wires is characterized by what is deviated from all the average die length of two or more of said nano wires 

to less than 20%. 

[Claim 8] At least one in said two or more nano wires is the product according to claim 4 characterized by 
what is consisted of a compound nano wire which has the heteroj unction which exists along with the die 
length. 

[Claim 9] (a) Each of the step which prepares a substrate, and the nano wire of (b) plurality so that it may 
have the 1st exposure edge and the 2nd edge combined with said substrate So that each die length of the step 
which grows up two or more nano wires on said substrate, and the nano wire of the (c) aforementioned 
plurality may become in general equal The step which makes the die length of said nano wire isometry-ize, 
and the step which joins said 1st exposure edge of the nano wire of the (d) aforementioned plurality to the 
1st circuitry layer, (e) The manufacture approach of the circuit device characterized by what is consisted of a 
step which removes said substrate in order to form the circuit device which has said two or more nano wires 
joined to said 1st circuitry layer, with the 2nd edge of two or more of said nano wires exposed. 
[Claim 10] Said substrate removal step is an approach according to claim 9 characterized by what is 
consisted of separating mechanically the 2nd edge of two or more of said nano wires from said substrate. 
[Claim 1 1] It is the approach according to claim 9 which said substrate consists of a soluble substrate and is 
characterized by what said substrate removal step consists of dissolving said substrate chemically. 
[Claim 12] (f) The approach according to claim 9 characterized by what it has further for the step which 
prepares the 2nd circuitry layer, and the step which makes said 2nd circuitry layer join said 2nd exposure 
edge to the step which covers the 2nd exposure edge of two or more of said nano wires with the 2nd solder 
ingredient in order to form the circuit device which interconnected in (g) (h) perpendicular. 
[Claim 13] The growth step of two or more of said nano wires is an approach according to claim 9 
characterized by what a catalyst nucleation layer is made to put on said soluble substrate, and is consisted of 
decomposing the gas which adjoined said catalyst nucleation layer. 
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[Claim 14] Said gas is an approach according to claim 13 characterized by what is consisted of hydrocarbon 
content gas so that a carbon nanotube may grow on said soluble substrate. 

[Claim 15] (i) Approach according to claim 9 characterized by what it has further for the step which covers 
a solder ingredient at either [ at least ] the 1st of two or more of said nano wires, or the 2nd exposure edge. 
[Claim 16] The approach according to claim 15 characterized by what said soluble substrate is rotated for in 
order to apply said solder ingredient to either [ at least ] the 1st of two or more of said nano wires, or the 2nd 
exposure edge by vacuum evaporationo and to promote homogeneity spreading on said two or more nano 
wires of said solder ingredient in that case. 

[Claim 17] Said 1st and 2nd circuitry layers are approaches according to claim 15 characterized by what it 
has two or more contact pads, a solder ingredient layer is respectively applied to each contact pad on said 1 st 
and 2nd circuitry layers, and the 1st and 2nd edges of two or more of said nano wires are joined for to said 
contact pad. 

[Claim 18] The 1st solder ingredient used in order to join said 1st exposure edge to said 1st circuitry layer 
has the 1st soldering temperature. The 2nd solder ingredient used in order to join said 2nd exposure edge to 
said 2nd circuitry layer is an approach according to claim 17 which has the 2nd soldering temperature and is 
characterized by the thing with said 2nd soldering temperature lower than said 1st soldering temperature. 
[Claim 19] The step which makes the die length of said nano wire isometry-ize (i) The step which said two 
or more nano wires combined with said soluble substrate are partially embedded [ step ] into the sacrifice 
ingredient layer of in general uniform thickness, and makes the excessive die-length part of a nano wire 
project from said sacrifice ingredient by that cause, (ii) Approach according to claim 9 characterized by 
what is consisted of a step which removes the excessive die-length part of said nano wire, and a step which 
removes said (iii) sacrifice ingredient. 

[Claim 20] The approach according to claim 19 characterized by what it has further for the conductive 

substrate layer put in between between said soluble substrate used in order to heighten the adhesive strength 

to said soluble substrate of said sacrifice ingredient layer, and said catalyst nucleation layer. 

[Claim 21] Said sacrifice ingredient is an approach according to claim 19 characterized by what is put by 

electroplating. 

[Claim 22] The thickness of said sacrifice ingredient layer is an approach according to claim 19 
characterized by what is been within the limits of about 1-100 micrometers. 

[Claim 23] The average diameter of two or more of said nano wires is a product according to claim 1 which 
is less than 200nm and is characterized by what either [ at least ] semi-conductor p-n junction or the tunnel 
junctions are contained for. 

[Claim 24] The product which consists of an array of the nano wire rectifier-diode device by claim 1 which 
interconnected perpendicularly. 



[Translation done.] 
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DETAILED DESCRIPTION 



[Detailed Description of the Invention] 
[0001] 

[Field of the Invention] This invention relates to the structure which nano interconnect was carried out or 
manufactures the circuit by which the nano package was carried out, and its manufacture approach. 
Furthermore, this invention relates to the perpendicular electrical connection which used the conductive 
nano wire at a detail. 
[0002] 

[Description of the Prior Art] A nano-scale wire like the carbon nanotube which has the very minute size 
scale whose diameter is 1-100 nanometers, and whose die length is about 0.1-100 micrometers is capturing 
the big spotlight recently. Such a nano-scale wire for example Liu etal. and SCIENCE, Vol.280 and p. 1253; 
(1998) Ren et al. and SCIENCE, Vol.282 and p.l 105; (1998) Lie et al. and SCIENCE, Vol.274 and p. 1701; 
(1996) Frank etal. and SCIENCE, Vol.280 and p. 1744; (1998) J.Tans et al. and NATURE, Vol.36 and 
p.474; (1997) Fan et al. and SCIENCE, Vol.283 and p.512; (1999) Collins etal. and SCIENCE, Vol.278 and 
p.100; (1997) It is indicated by Kong et al., NATURE, Vol.395, p.878; (1998) and Ebbensen et al., 
NATURE, Vol.382, p.54, etc. (1996). 

[0003] A carbon nanotube shows peculiar atomic arrangement, nano-scale structure, and interesting physical 
properties (for example, single dimension electric behavior, quantum conductance, impact transport 
properties, etc.). or [ that the impact transportation in a carbon nanotube is equal to the current density in 
some superconductors as reported by Frank and others ] — or it is the current density of the magnitude to 
exceed and a huge current is enabled to pass through the inside of an electronic circuitry. A carbon nanotube 
is an example of the nano wire ingredient of the lower limit, generally, a high aspect ratio and in the case of 
a single wall nanotube, has a -Inm small diameter, and, in the case of a multiwalled nanotube, has a 
diameter below -50nm. These are indicated by Rinzler et al, APPLIED PHYSICS, Vol.A67, p.6612 and 
(1994) Kiang et al, PHYSICAL REVIEW LETTERS, Vol.81, and p.1869 (1998). 

[0004] Generally the single wall carbon nanotube of high quality grows in the random direction with laser 
ablation or an arc technique as needlelike or a nanotube whose shape of spaghetti tangled. (In order to 
remove non-nanotube matter, such as a graphite or amorphous phase, and catalyst metal, generally about the 
generated carbon nanotube by the arc technique, chemical purification processing is required.) chemical 
vapor growth (CVD) which was used by Ren et al., Fan et al., Li and others — law tends to generate the 
multiwalled nanotube adhering to a substrate In this case, perpendicular half-alignment or the parallel 
growth which aligned is often shown to a substrate. A carbon nanotube will be generated by catalyst 
disassembly of hydrocarbon content precursors, such as ethylene, methane, or benzene, if reaction 
parameters, such as temperature, time amount, precursor concentration, and a flow rate, are optimized as 
indicated by these reference. A nucleation layer like the tin coat of nickel, Co, and Fe is added to a substrate 
front face often intentionally, and carries out nucleation of various isolation nanotubes. Moreover, a carbon 
nanotube can also be made carry out nucleation and grown up on a substrate by using the hydrocarbon 
content precursor mixed with the chemical entity (for example, ferrocene) containing one or more kinds of 
these catalyst metal atoms, without using the above metal nucleation layers. In chemical vapor growth, these 
metal atoms promote the nucleation of the nanotube to a substrate side. This is indicated by Cheng et al., 
CHEM.PHYSICS LETTERS, Vol.289, and p.602 (1998). 

[0005] The latest inclination in an electronic circuit design, interconnect, and packaging is going in the 
direction which uses a much more detailed feature (feature). Such submicron feature size is the size which 
recently reached just. In order to generate desired super-high density electronic packaging, circuit Rhine of 
minute line breadth is important like the three-dimension multilayer configuration of having the circuitry 

http://www4.ipdl.ncipi.go.jp/cgi-bin/tran_web_cgi_ejje 8/28/2006 



JP,2002-141633,A [DETAILED DESCRIPTION] 



Page 2 of 8 



layer accumulated perpendicularly. However, the nano wire which grew by the approach available now is 
unsuitable for such the purpose. A single wall nanotube (SWNT) so that it may generally be compounded 
[ grown-up ] by laser ablation or the arc technique has a spaghetti-like configuration, tangles often mutually 
and suits. A multiwalled nanotube (MWNT) which was generally formed of chemical vapor deposition can 
be generated still more easily in the parallel configuration which aligned. However, nanotubes so that it may 
be reported [ these / grown-up ] by Ren et al., Li and others differ in height or die length. In circuit 
interconnect of high-reliability without an electric short circuit or disconnection, it is desirable to generate 
the nanotube which has equal predetermined die length. Furthermore, it is convenient to form a nanotube as 
a self-standing wire. Consequently, these nanotubes can be elaborately operated about migration, 
arrangement, bonding, etc. for the circuit interconnect in a room temperature or comparatively low 
temperature (for example, 300 degrees C or less). Alternative CVD growth of a nanotube like the carbon 
nanotube which grew directly on the desired circuit pad can be carried out using alternative area patterning 
of a catalyst bed. However, when the most, it is not desirable to expose a delicate semiconductor circuit and 
a delicate component to an elevated temperature (for example, 600-1000 degrees C) and the chemistry 
environment accompanying a CVD deposit of a nanotube. 
[0006] 

[Problem(s) to be Solved by the Invention] Therefore, the purpose of this invention is offering the circuit 
device which interconnected perpendicularly using the nano wire and such a nano wire of in general equal 
die length which can be formed as a suitable self-standing unit for convenient perpendicular interconnect. 
[0007] 

[Means for Solving the Problem] Said technical problem is solved by the circuit device which has at least 
two circuitry layers and the nano wire of two or more in general equal die length arranged between these 
circuitry layers and which interconnected perpendicularly. The nano wire of this invention consists of a 
composite which has the heterojunction which exists along with the die length, for example, and can be used 
for many device applications. Moreover, the step grown up on the substrate from which the manufacture 
approach of the circuit device of this invention can remove the nano wire of (a) plurality, (b) (c) migration is 
carried out with the step made to equate the die length of a nano wire (for example, each die length of two or 
more nano wires becomes in general equal as a result), and it consists of the step which joins the exposure 
edge of two or more nano wires to the 1st circuitry layer and the step which removes the (d) substrate. The 
circuit device which interconnected in the perpendicular can be formed by joining further the nano wire 
joined to the 1st circuitry layer to the 2nd circuitry layer. 
[0008] 

[Embodiment of the Invention] This invention relates to the manufacture approach of a conductive nano 
wire like a carbon nanotube. This carbon nanotube is useful as a connection wire within the flat surface 
between adjoining electric contact pads as a wire for perpendicular junction of a nano-scale between circuit 
device layers. In circuit interconnect like a fitting device between [ of two ] circuitry layers, use of the 
parallel electric conduction pass with which a large number were subdivided is attained by the nano wire 
which aligned, a nano wire — for example, ** — since better, it provides with the elastic compliance and 
flexibility of a convenient interconnect medium avoiding integrity problems the short-term dependability 
generated with colander stress, and over a long period of time. The source of common stress continuously 
added to an interconnect medium over a long period of time is machine stress, thermal stress, etc. which are 
introduced during for example, a partial temperature gradient, the stress which occurs by the mismatch of 
the coefficient of thermal expansion between different ingredients currently used within the device, 
electronic migration valence stress and the assembly of a device, handling, a trial, or transportation, or 
[ avoiding the integrity problems which occur with stress, such as fatigue of an interconnect medium or 
passive circuit elements, a creep, or deformation breakage, according to this invention ] — or it can 
minimize. When using the nano wire of a minute diameter, this invention is useful although high density or 
super-high density circuit interconnect is attained. 

[0009] Drawing 1 A - ID is the mimetic diagram of the nano wire of various configurations which grew on 
the substrate 10. A nano wire can consist of nano wires formed in these contractors, such as the semi- 
conductor nano wire formed of a carbon nanotube, for example, Si and germanium, or GaAs or metals, 
alloys, oxide, carbide, nitrides, borides, or mixed ceramics, from the conductivity of well-known others, or a 
non-conductive ingredient. The manufacture approach of a nano wire consists of chemical vapor growth of 
laser ablation, arc discharge, precursor gas, or a precursor gas mixture object etc. Nucleation of the minute 
diameter nano wire can be carried out by catalyst decomposition of a gaseous phase, and it can be grown up 
upwards from a substrate. In this case, a catalyst thin film is vapor-deposited on a substrate, and it is made to 
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start by understanding the partial nucleation of this thin film by the catalyst in a gaseous phase. For example, 
the glass circuit board can be prepared, the catalyst thin film which consists of transition metals can be 
vapor-deposited on a glass substrate, and, subsequently a carbon nanotube can be formed by decomposing 
C2H4 on this thin film substrate. This catalyst thin film is also called a catalyst nucleation thin film in this 
specification, and can constitute this thin film from an ingredient of well-known others to nickel, Co, Fe, or 
this contractor. 

[0010] As shown in drawing 1 A and drawing 1 B, respectively, it grows up toward a random direction, or 
when there is no alignment processing, a nano wire tends to grow so that it may tangle each other (tangle). 
The gestalt ( drawing 1 B) whose nano wire 14 f tangled is acquired also by use of laser ablation. However, 
in order to use it with sufficient convenience in perpendicular interconnect, as for a nano wire, having 
aligned in general perpendicularly is desirable. For example, by use of impression electric field, gas 
concentration inclination, or a temperature gradient, a nano wire can respond for forming and a nano wire 
can be aligned, moreover, the physical technique which uses the cavity perpendicular cavity in a substrate — 
or it can respond for making it grow up by high density-ization (for example, coincidence formation of the 
"jungle" (for example, high concentration per unit area) of a nano wire), and a nano wire can be aligned. In 
order to promote alignment growth of a nano wire, a porosity ceramic or a silicon layer can also be used 
together with a catalyst nucleation thin film. As shown in drawing 1 C, an alignment nano wire can be 
uneven die-length 14", or as shown in drawing 1 D, it can be the uniform die length 14. A mode, i.e., a nano 
wire, as shown in drawing 1 D aligns in general, and a mode which is in general equal die length is 
desirable. As for the die length of each nano wire, it is desirable to change only to less than 1 0% much more 
preferably from average nano wire die length to less than 20%. 

[001 1] As for the nano wire 14, it is desirable to align perpendicularly to a substrate and to be arranged in 
general by juxtaposition. Completely perpendicular alignment (for example, the include angle phi between 
the front face 1 1 of a substrate and the die length of a nano wire should be 90 degrees to be shown in 
drawing 1 D) of a nano wire is unnecessary. However, the minute thing of the fluctuation from perfect 
perpendicular alignment is desirable. That is, less than about 25 degrees of this fluctuation are less than 1 5 
degrees preferably from perfect perpendicular (90 degrees) alignment. 

[0012] In order to easy-ize use in formation of perpendicular interconnect, it can be made to grow up on 
another substrate which can dissolve a nano wire. For example, drawing 2 shows perpendicular alignment 
nano wire 14" of the uneven die length on the soluble substrate 22 which grew using the catalyst nucleation 
thin film 26. A soluble substrate helps a move of the nano wire in formation of circuit interconnect so that it 
may explain below. A soluble substrate layer can be dissolved in water, an acid, a base, or a solvent. For 
example, a sodium chloride crystal can be used and a water-soluble substrate can be formed. In order to 
form an acid solubility substrate, metals, such as Cu, nickel, Co, Mo, Fe, V, Au, Ag, or these alloys, can be 
used. In order to form a base solubility substrate, the metals like aluminum can be used. For example, a 
substrate must be chosen so that the nano wire growth temperature by the CVD method may become below 
the melting point of the substrate ingredient used. In order to form another substrate layer as an exception 
method, a soluble polymer ingredient can also be used. Such a polymer ingredient is polyvinyl alcohol, 
polyvinyl acetate, polyacrylamide, acrylonitrile styrene butadiene rubber, or volatile matter (for example, 
polymethylmethacrylate (PMMA)). When using a polymer, the temperature used in processing of a nano 
wire must be temperature low enough, in order to avoid damage on polymers, such as decomposition, 
change of a physical configuration, or change of a chemistry property. A soluble substrate layer can also be 
formed also by using an ingredient together. In order to grow up a nano wire, the catalyst nucleation thin 
film 26 (for example, nickel, Fe, or Co) can also be covered to a soluble substrate. A soluble substrate is 
removable after a nano wire grows. A catalyst nucleation thin film can be made to deposit on a soluble layer 
with the spot pattern-gestalt as a continuation layer by sputtering, vacuum evaporationo, or electrochemistry 
plating. 

[0013] As shown in drawing 1 C and drawing 2 , a nano wire can form the nano wire of in general equal die 
length by making it grow up to be uneven die length at first, and subsequently performing isometry-ized 
processing, as shown in drawing 1 D. As mentioned above, the nano wire of equal die length is desirable. 
This is indicated by for example, the United States patent application^ 09th ] No. 354928 specification. An 
example of the isometry-ized approach is typically illustrated by drawing 3 A - drawing 3 D. The merit-ized 
approaches — it can set in this example — consist of three steps in general. (1) ~ it consists of the step 
( drawing 3 A-3B) which embeds the nano wire of uneven die length in the soluble sacrifice layer 30 of in 
general uniform thickness, a step ( drawing 3 C) which removes the excessive die length 34 of the nano wire 
which has projected from (2) sacrifice layers, and a step ( drawing 3 D) which removes (3) sacrifice layers. 
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[ namely, ] Needless to say, the isometry-ized approach of others, such as laser beam cutting and hot blade 
cutting, can also be used. This is indicated by the United States patent application^ 09th ] No. 236933 
specification. 

[0014] By the approach in the example of drawing 3 A - 3D, the 1st step is making the sacrifice layer of in 
general uniform thickness deposit. Drawing 3 A shows how to make the sacrifice layer 30 deposit on the 
substrate 22 which has nano wire 14" of electroplating equipment and uneven die length. The copper (Cu) 
solubility substrate layer 22 is prepared, and the catalyst nucleation thin film 26 which consists of nickel 
(nickel) whose thickness is about l-100nm is made to deposit on this substrate layer in this example. 
Needless to say, the ingredient of above others can also be used for the soluble substrate layer 22 or the 
nucleation thin film 26. In drawing 3 A, the catalyst nucleation thin film 26 is illustrated as a continuation 
layer. However, a catalyst nucleation thin film may be fractured by the shape of a fragment, and island 
shape when heated in chemical vapor growth and nano wire growth (even if it is the case where it has 
deposited as for example, a continuation layer). Such fragmentation of a catalyst nucleation thin film leaves 
the front face of a soluble substrate between the nano wires which decreased in number, without putting a 
conductive metal membrane. According to the ingredient which constitutes a soluble substrate, it is 
sometimes difficult to cover the metal sacrifice layer 30 to a substrate and a fragmentation catalyst 
nucleation thin film ( drawing 3 C and the following explain). This is the case [ like ] where for example, a 
soluble substrate is insulation (for example, it consists of sodium chlorides). Therefore, before making a 
catalyst nucleation thin film deposit, a non-catalyst nature conductivity substrate layer (not shown) can be 
made to deposit first on a soluble substrate. If it puts in another way, a substrate layer can be made to put in 
between between the soluble substrate 22 and the catalyst nucleation thin film 26 in drawing 2 . This 
substrate layer can consist of non-catalyst nature conductivity ingredients of well-known others to Mo or 
this contractor. 

[0015] Cu substrate layer 22 functions as a cathode in this approach, adjoins an anode 24 (for example, 
nickel anode), and is arranged in the electrolyte bath 25 combined with the anode by the power source 23. 
The electrolyte 25 contains the ion of the metal which should be deposited. For example, nickel is made to 
deposit from a NiS04 content solution, or Cu is made to deposit from CuS04 solution. As for the electrolyte 
bath 25, it is desirable to contain the ion of the catalyst nucleation thin film 26 or a conductive substrate 
layer and ion same type, thus, a chemical affinity — electroplating of the sacrifice layer 36 — nano wire 
14" (for example, carbon or a silicon nano wire) — it is not upwards and happens on the front face of the 
catalyst nucleation thin film 26. For example, the sacrifice layer 30 has the same metal property as a catalyst 
nucleation thin film, and a nano wire has a sharply different property. A sacrifice layer is deposited even on 
the in general same thickness as the die length of a request of a nano wire. Although this parameter (nano 
wire die length) changes according to application of a desired sensor, generally it is within the limits of 1 - 
lOOnm as mentioned above. The thickness of a sacrifice layer is controllable by activity variables, such as 
time amount, electrolytic concentration, and current density. Needless to say, drawing 3 A only shows an 
example of the approach of depositing a sacrifice layer. A sacrifice layer can be made to deposit also by the 
approach of others like electroless deposition, chemical vapor growth, or a physical vapor deposition (for 
example, sputtering, vacuum evaporationo, laser ablation, or ion beam vacuum evaporationo). 
[0016] Drawing 3 B is the sectional view of the structure obtained by the electroplating approach of drawing 
3 A. this — the structure — solubility — a substrate — a layer — 22 — a catalyst — nucleation — a thin film — 
26 — in general — being uniform — thickness — a sacrifice — a layer — 30 — inside — embedding — having 
had — being uneven — die length — nano — a wire — 14 — " — from — becoming . Each nano wire 14" has the 
exposed excessive die-length part 34 which projects exceeding the sacrifice layer 30. In case the excessive 
die-length part 34 is removed, the sacrifice layer 30 protects a flasking nano wire temporarily. As for a 
sacrifice layer, it is desirable to consist of removable ingredients easily. Such an ingredient is an ingredient 
which can be removed by making it evaporate with the ingredient or heating which can be removed by the 
ingredient, chemical etching, or electrochemistry etching which can be removed by dissolving for example, 
a sacrifice layer in water or a solvent. Suitable water solubility or a solvent fusibility ingredient is salts like a 
sodium chloride, a silver chloride, a potassium nitrate, a copper sulfate, and indium chloride or sugar, and 
the organic substance like a glucose. The suitable ingredients which can be etched are the metals like Cu, 
nickel, Fe, Co, Mo, V, aluminum, Zn, In, Ag, Cu-nickel, and nickel-Fe, and alloys chemically. Dissolution 
removal of the sacrifice layer formed from these ingredients can be carried out with a basic solution like a 
hydrochloric acid, an aqua regia, an acid like a nitric acid, a sodium hydroxide, or ammonia. A suitable 
vaporizable ingredient is an ingredient which can be made to disassemble or incinerate by heat-treating in 
suitable oxidation like the ingredient in which high vapor pressure like Zn is shown, or organic acids, 
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reduction, or a natural gas ambient atmosphere. 

[0017] As shown in drawing 3 C, the next step of the isometry-ized approach removes the exposed part 34 
of a nano wire, and consists of obtaining the long nano wire 14, such as having been embedded in the 
sacrifice layer 30. This removal can be carried out chemical or by grinding or etching the exposed part 34 by 
the mechanical approach, for example. When the carbon nano wire is used, heat-treatment can also be used 
for removal of an exposed part, and this heating is a desirable art. For example, the excessive die-length part 
34 is removable by being the temperature within the limits of 200 degrees C - 1000 degrees C, and heating 
this structure in an oxidizing atmosphere, perfect ****-- partial oxygen or an ozone ambient atmosphere 
can be used. In order to remove the excessive die-length part of a nano wire as an exception method, a 
mechanical polish approach can also be used, sacrifice layer 30' (refer to drawing 3 C) which has an 
isometric nano wire in the following step — for example, it removes by making it dissolve. Thus, the 
substrate 22 as shown in drawing 3 D, and the structure which has the nano wire 14 of die length in general 
equal to the catalyst nucleation thin film 26 are obtained. 

[001 8] In case sacrifice layer 30 f is removed, the catalyst nucleation thin film 26 must remain on the soluble 
substrate 22. It is because a nano wire will dissociate from a substrate 2 if the catalyst nucleation thin film 
26 does not remain. When a sacrifice layer consists of a nonmetal layer like a sodium chloride, a copper 
sulfate, or polyvinyl alcohol, a sacrifice layer can be removed where a catalyst nucleation thin film is left, 
while it has been unhurt. However, when a sacrifice layer consists of a metal layer, a catalyst nucleation thin 
film will also remove removal of a sacrifice layer so that according to acid etching, consequently a nano 
wire will be separated from a substrate, in order to deal with this problem — a sacrifice layer — being partial 
(for example, the one half or 1/3 of the original thickness) — it etches and the nano wire of sufficient die 
length to connect the exposed part of a nano wire to a circuit device is exposed. When removing a soluble 
substrate and a catalyst nucleation thin film in this case, the remaining sacrifice layers can be removed ex 
post. In order to protect a soluble substrate from deformation, the dissolution, etc., it is [ in / an intermediate- 
processing-intermediate-treatment step ] desirable to cover this soluble substrate with a temporary protective 
layer (not shown). This temporary protective layer can be applied to the tooth back and/or side face of a 
soluble substrate. Although this temporary protective layer is easily removed by the solvent (for example, 
alcohol or an acetone), it becomes a water solution from an ingredient stable lacquer type. The ingredient 
which constitutes the fusibility substrate 22, the catalyst nucleation thin film 26, and the sacrifice layer 30 is 
chosen so that it may have a fiilly different etch rate or a fully different removal rate. It is avoidable that this 
avoids that a catalyst nucleation thin film is dissolved by removal of a sacrifice layer, and/or a soluble 
substrate is damaged during processing. 

[0019] For example, a long juxtaposition nano wire, such as having been held by the soluble substrate as 
shown in drawing 3 D, is useful for various device applications, such as perpendicular nano-scale circuit 
interconnect and a TAKUCHIKKU sensor device. About a certain application, it is conductivity electrically 
and the thin film or coat 36 (refer to drawing 4 A - 4C) of a joinable metal (soldering is possible) or an alloy 
can be preferably applied to some nano wires [ at least ]. By the case, an adhesion promotion layer (not 
shown) can also be arranged between a coat 36 and the nano wire 14. Metallizing processing of a nano wire 
is useful although conductivity is secured along the die-length direction of a nano wire. Some nano wires 
[ at least ] can be plastered with a coat 36. A coat 36 consists of a thin film of the metal (it can solder) which 
is conductivity, and it can be desirable and can be joined, or an alloy. A coat 36 is a solder alloy thin film 
like the metal thin film or Au-Sn in which soldering like Au, Ag, Pd, Rh, nickel, Cu, In, or Sn is possible, 
Sn-Ag, Pb-Sn, Bi-Sn, In-Sn, or In-Ag. In the case of a carbon nanotube or a nitride type nano wire, the 
adhesion promotion middle class between a coat and a nano wire can consist of carbide or a nitride 
generation element (for example, Ti, Mo, Nb, V, Fe, W, Zr). The layer which can be soldered, and an 
adhesion promotion layer can be made to add to a nano wire front face by many arts. Such an art is the 
combination of physical vapor deposition (sputtering, vacuum evaporationo, ion beam vacuum 
evaporationo), chemical vapor deposition, non-electrolyzed electrodeposition, electroplating, or the 
deposition approach etc. As an exception method, can be ****(ed) in solder or the coat layer itself which 
can be soldered, and an adhesion promotion element can also be made to **** in advance as an alloy 
element. In order to heighten further the adhesive strength between a nano wire front face and a deposition 
adhesion promotion layer or between an adhesion promotion layer and the layer which can be soldered, the 
optional improvement heat-treatment in adhesive strength can also be added. Such heat-treatment consists of 
heating at about 100-900 degrees C in inactive or a vacuum ambient atmosphere for 0.1 to 100 hours. 
[0020] Drawing 4 A - 4C is the outline sectional view showing the metal coat 36 applied by various 
approaches. For example, drawing 4 A shows the condition of carrying out the line-of-aim vacuum 

http://www4.ipdl.ncipi.go.jp/cgi-bin/tran_web_cgi_ejje 8/28/2006 



JP,2002-141633,A [DETAILED DESCRIPTION] 



Page 6 of 8 



evaporationo of the metal atom with physical vapor deposition. This vacuum evaporationo is performed 
along a longitudinal direction according to an arrow "d" so that a metal may focus on one nano wire side. In 
order to make homogeneity vapor-deposit further over the whole front face of a nano wire, it can obtain by 
the strange method by rotating a substrate during vacuum evaporationo. The electrochemistry approach (for 
example, electrolytic plating or electroless deposition) of making a metal depositing can form the deposit 
localized alternatively, as shown in drawing 4 B. This alternative deposition can be made to occur with the 
high electrolytic concentration near the tip of a nano wire generally. An ununiformity profile is also 
obtained by the CVD approach. The homogeneity of a coat changes according to various processing 
parameters. Such a parameter is a rate which migration to the deposition part of a rate and a gas atom where 
a metal ion moves, and a coat deposit. By the deposition controlled much more careful slowly, as shown in 
drawing 4 C, along with the die length of a nano wire, the in general uniform metal coat 36 can be obtained. 
Generally, the thickness of a request of a metal layer or the layer which can be soldered, and a middle 
adhesion promotion layer (accepting the need) is within the limits of 0.5-50nm, and it is desirable that it is 
within the limits of l-20nm. 

[0021] The metal coat covered by the nano wire achieves some important functions. 

(1) A metal coat gives the soldering possibility for joining a nano wire to the circuit board. The metal which 
can be soldered, or a solder alloy coat is desirably added also to the front face of the electric contact pad 
which should be joined to a nano wire. 

(2) A metal coat gives uniform conductivity especially to a nonmetal nano wire, for example, a semi- 
conductor carbon nanotube, a semi-conductor nano wire (for example, Si or Ga-As), an insulating nano wire 
(for example, aluminum 203, Si02, BN), or other insulating ceramic nano wires. It is efficient, and when 
forming highly reliable perpendicular interconnect, the stable,electrical continuity from the end of the nano 
wire combined with a lower circuit device through the die length of a nano wire to the other end of the nano 
wire joined to an up device or an up circuitry layer is important, or [ that a single wall nanotube is 
metallicity which has the "armchair" configuration of a carbon atom ] — or "zigzag" — they can be the semi- 
conductor of the configuration of a type, or an of a certain kind "chiral" configuration - abbreviation 
insulation. Dresselhous et al., Science of Fullerines and Carbon Nanotubes, Chap. 19 (Academic Press and 
San Diego 1996), pp.758, 805 -809 reference. Changing nanotube atomic arrangement and an electrical 
property dramatically along with the die length of a single carbon nanotube is known. Collins et al., 
SCIENCE, Vol.278, and p. 100 Reference (Oct.3, 1997). Fluctuation of such an electrical property has a bad 
influence on the efficient electronic transportation between the nano interconnect devices through a carbon 
nanotube interconnect medium. The metal surface lining on the above nano wires solves this trouble, and 
gives desired conductivity to a perpendicular nano interconnect medium. 

(3) When exposed to an environment or a processing ambient atmosphere, this metal coat also gives 
corrosion resistance/oxidation resistance to the coat which can be soldered, and when a nano wire tends to 
receive corrosion/oxidation, it gives corrosion resistance/oxidation resistance also to the nano wire itself 
further. Noble-metals thin films, such as Au, Ag, Pd, and Rh, can be used also as additional finishing to the 
top face of the metal coat 36 which could use it also as the coat itself or was put on the nano wire and which 
can be soldered. During soldering processing, thin finishing of noble metals like Au can be made to absorb 
easily in lower melting solder (for example, Au-Sn or Pb-Sn eutectic-mixture solder), consequently does not 
block junction. 

[0022] Drawing 5 A - 5E is a mimetic diagram which illustrates an example of the approach of making join 
a nano wire to a substrate and forming perpendicular interconnect. As shown in drawing 5 A, the soluble 
substrate 22 which has the nano wire 14 of the in general equal die length with which the metal coat which 
can be soldered was covered is arranged to an upside-down. It arranges so that the circuit board 10 which 
has the contact pads 12a and 12b may be made to meet a nano wire. The ingredient used for formation of a 
contact pad can be chosen from the conductive ingredients which are generally used by semiconductor 
circuit manufacture like aluminum, Cu, W, Ta, TiN, TaN, and CoSi2 and from which a large number differ. 
An additional surface conductive film can also be used by the case. Moreover, it is desirable to cover the 
layer 38 which can be soldered to a contact pad. Generally, the area of the contact pads 12a and 12b etc. is 
less than [ 25 micrometers ] two, is less than [ 1 micrometer ] two preferably, and is less than [ 0.01 
micrometers ] two much more preferably. 

[0023] In drawing 5 B, it changes a nano wire into the condition of having contacted the contact pad 
physically, and it heats the front face, and joins a nano wire with solder to a contact pad. In order to avoid 
crushing of the nano wire by the weight of a substrate, or the damage over a nano wire when it does not 
have sufficient reinforcement for a nano wire to support a soluble substrate (for example, when gravity 
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cannot be borne), the spacer which has desired thickness can also be used. A spacer can consist of thin films 
with a pattern beforehand deposited on the circuit board 10. Pattern attachment of the distribution of the 
nano wire 14 on the soluble substrate 22 can be carried out so that this nano wire may have consistency in 
the location of a contact pad. the catalyst nucleation thin film 26 (refer to drawing 2 ) with which this 
promotes growth of a nano wire for example, during CVD processing — RISOGURAFU — it can carry out 
by carrying out pattern attachment by law. 

[0024] In drawing 5 C, it is in a condition [ the soluble substrate 22 and that the catalyst nucleation thin film 
26 will be removed if it exists, consequently the upper parts 16a, 16b, and 16c of a nano wire etc. are 
exposed ], and a nano wire is joined to the circuit board 10. A nano wire can be further covered with a solder 
ingredient which was explained in relation to drawing 4 A - 4C. Thereby, as shown in drawing 5 D, the up 
exposure part of a nano wire can be again covered with solder 36 1 . a contact — a pad — 12 — a — 1 — 12 b — 
1 — having — the circuit board — ten — 1 — from becoming — doubling — a device (refer to drawing 5 D) — 
preparing — and — solder — an ingredient — a layer — 38 — 1 — a contact — a pad 12 — a -- 1 — 12 — b — 1 — 
a top — it can also arrange . For example, a circuit device is contacted on an exposure nano wire by 
arranging to an upside-down, and doubling substrate 10 f is arranged. Then, a substrate is heated, components 
are soldered together, and perpendicular interconnect is completed as shown in drawing 5 E. In order to use 
it for positioning a device perpendicularly before a soldered joint, a spacer or a minute positioning device 
electrode holder (not shown) can also be arranged on the circuit board 10 of one side or both, and 10\ 
[0025] the upper part — a device — ten — 1 — nano — a wire — the upper part — 16 - a — 16 — b — 16 — c — 
joining — a thing — using it — having — solder — an ingredient — 36 — 1 — 38 — 1 — nano — a wire — the lower 
part -- a part (36 for example, 38) - the lower part - a device -- ten - joining -- a thing - using it -- having 
had - a thing - being the same — an ingredient — it can be . In this case, a lower soldered joint receives 
melting and a solidification process twice [ at least ]. As an exception method, a lower device is joined using 
the 1st solder ingredient, and an up device is joined using the 2nd solder ingredient which has low soldering 
temperature. If it does in this way, when up junction will be formed, lower junction does not receive melting 
and a solidification process. For example, in the case of a lower device, solder 36 and 38 consists of Au-Sn 
(for example, it has the melting point of about 280 degrees C) eutectic-mixture solder, and, in the case of an 
up device, on the other hand, solder 36* and 38' consist of Sn-Ag (for example, it has the melting point of 
about 215 degrees C) eutectic-mixture solder. As an exception method, the 1st solder ingredient 36 and 38 
for lower devices can consist of Sn-Pb (for example, it has the melting point of about 1 83 degrees C) 
eutectic-mixture solder, and, on the other hand, 2nd solder ingredient 36 1 for up devices and 38' can also 
consist of Bi-Sn (for example, it has the melting point of about 139 degrees C) eutectic-mixture solder. 
Moreover, multilayer perpendicular interconnect of a device can also be formed using different solder which 
has melting point rank. Furthermore, in order to heighten the interface junction force between solder, a nano 
wire, or a circuit pad front face, a solder ingredient can also contain one or more kinds of carbide generation 
elements by the case. 

[0026] The minute thing of the dimension of the nano wire used for formation of perpendicular interconnect 
is desirable. Generally, the diameter of each nano wire is less than about 200nm, is less than 50nm 
preferably, and is less than lOnm further much more preferably. Generally the height of each connection or 
the die length of each nano wire is within the limits of about 10-1000nm. It is at least lOnm desirably, and 
preferably, even if the die length of a nano wire does not have ****, it is lOOnm and is at least lOOOnm 
further much more preferably. Thereby, a nano wire is thin fully for a long time, although a high aspect ratio 
and mechanical comp rye ANSI are attained. However, restraint exists in extending a nano wire excessively. 
Especially in the case of a carbon nanotube, covering the overall length, an electrical property is maintained 
or it becomes much more difficult to maintain perpendicular alignment, so that a nano wire becomes long. 
Moreover, a long nano wire results in a long process. For example, in order to obtain the extended die 
length, growth must be made to continue for a long period of time. Generally, the upper limit of the die 
length of a nano wire is less than 100 micrometers, is less than 20 micrometers much more preferably, and is 
less than 2 micrometers further much more preferably. 

[0027] Itself other than [ with the direct nano wire used with the structure which interconnected 
perpendicularly ] conductivity can also have a device property. For example, a compound nano wire can 
also have at least one heterojunction which exists along with the die length of a nano wire. A silicon semi- 
conductor nano wire can be grown up on the end of a metallicity carbon nanotube, or this reverse is also 
possible for it. For example, J.Hu et al., NATURE, Vol.399 (1999), p.48 reference. A metal-semi-conductor 
heterojunction can be included in one or more nano wires, and it can be used as a rectifier-diode device. The 
device of the type of others like p-n junction or the tunnel device structure is also incorporate into a nano 
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wire. Drawing 6 is the typical sectional view of the interconnect device with which the nano wire itself 
consists of complex of metallicity carbon nanotube 4a and semi-conductor wire 4b. The lower circuit board 
10 has the contact pads 12a and 12b on the front face, and the nano wire is joined to the contact pad in the 
part which consists of carbon nanotube 4a. The upper part of nano wire 4b which up circuit board 10 f has 
contact pad 12a 1 and 12b f on the front face, and consists of a semi-conductor wire is joined to these 
insulated-contact pad 12a* and 12b 1 . These compound nano wires can grow by the adjustment parallel- 
connected-type formula on a soluble substrate, and can make that die length able to isometry-ize as 
mentioned above, and can join this compound nano wire with solder to a substrate 10 and 10' as mentioned 
above. Array structure can be used for the high density assembly of such a device. 
[0028] For example, the soluble substrate which is not based on the dissolution processing under an 
undissolved substrate or subsequent processing can be used instead of using a soluble substrate for initial 
growth of a nano wire. A substrate can join the other-end section to a desired circuit pad powerfully by 
soldered joint, while deducting mechanically and making it dissociate from the nano wire in the edge of a 
pair. When using an exception [ this ] method, the junction force in a substrate-nano wire interface must be 
more sharply [ than the junction force in a nano wire-pad interface ] low. For example, the carbon nanotube 
which grew on the quartz substrate has the comparatively low junction force, and can be made to separate it 
from a substrate easily by using weak mechanical power. 
[0029] 

[Effect of the Invention] As explained above, according to this invention, the circuit device which 
interconnected perpendicularly using the nano wire and such a nano wire of in general equal die length 
which can be formed as a suitable self-standing unit for convenient perpendicular interconnect can be 
obtained. 
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damages caused by the use of this translation. 

1 .This document has been translated by computer. So the translation may not reflect the original precisely. 
2.**** shows the word which can not be translated. 
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U Ren6RffLi6KJ:0*§«nfc«fc3*, en?.© 
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5 

/fcgLfc££©7y^a-7«££XH:g2rtfSftS. 
i:t*lSL^. It, g3£tt7-Y-t£LT't/^a- 

^-yf-a-r«mtf> Sfflx«Jt««fii^a« cm*. 

tf, 6 0 0-1 00 Ot) RlSi-yf-a.— 7©C VD#r 
[0006] 

BWfljWUftt^dfc^SIHB lot. *fSU3©B« 

JMf 3 C #T*t SMfeU L^gS©*/ 7-f "VRtf 
COJ:d4^y7^ir*ffll#>TS*K«SJ««*nfcB 20 

[000 7] 

[ISS£&?&-f3fci6©^l&] ffigBSMBB* '>ft<fcfe 
2o©|s]SSjIi:, ^@R«ISKffiB;*nfc«&©8lfct£ 

a, w*.tf, ^©s^raoT^ft^s^f-ng^&w 

5o Sfc, *«WOBBf , /VrxO«BrtFtttt, (a)« 

*<om%k, *»©*/7>r*©&4?©SStf«tfc3IL< 
ftS) Xf7^, (c)»SSU *LT«8©*/7-l' 
■V©»UJi»»%» 1 O0RWfc»^***Xf-y 7*1:, 

te»^snfc^/7-r-v%, m2©ieisss'\Mtcg-&$ 

[0 00 8] 

[fg0J§©UU5S©Jgfi] *fg^«*-^y^yf-a-7*0 40 

-;i/o^eg^ffl7-r^tLT, pg-rs«MW 
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Aft «*mRBOMK9H(0 5 X? »y f-fc «fc 0 £j&T SJS 

ft£T*&3 0 #f8flfcJ:tUf* fflS&M&ftX&IIlS&gP 
fl©8J9, *U-^l«gB«ilft£©J:$ftJStfjlCj: 

WttK«BSX«j8Wffi«HI»ffi5»«E%»lS-rsofc:W 

[0009] m i a~ i dm:, mm. 1 o±(^s?n/c 

It, #-#>-?V^a-7\ mz.&. S U GeXttG 

a a sfc«kom/a«tifeiN«*^y7'i'-vx«&JBa^ 
m%L< itm^-t 5 s v ^a* H©«k 5 a £at#ic£fti 

7^frP>«f£'f5<:£:tfT-#5o ?V 7* 

ffitt, U— f- 77"U-S/3 X 7— *S«X{4$fcM* 

e.ft§ 0 */h*a^y7-f+tt, Svffi©««#«?K<fct> 

5 0 c©i§^ M<i»^%s«±tc^«L, n(omm<o 
mmffl&i&zim*v®Mftm?z c tic «t s ew&s-e 

i, CoX«Fegb<ttSH#t^5Jl© j e-©fl6©«J|sj 

[ooio] ^Ma^ftti/^, -f y 7-r-vag! i a 
Rtfia i Bfc^nen^sns ^y^AftTJf&i 
KifiKO»oTiaftLfc»»*^ttiin (ton) ^9*9»c 
j&gL-f-r^o /y-rti 4' <Dt>-Dftrcmm (01 

B) tiU — - tf • 77U->a>OffflKJ:7Ttf6n 

^ffltccto, 7-y7-r-\'A«$n?>{c^i;T, 7-/7 
is*+if7 i -('*fleffl-r5«ja!(fiSi5fefc«fct)xt4f«fcfk 

ftS^ 1 4" r»*5A\ X«H1 DK^SftScfcdfc:, 
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77^+cDg£{i¥i^/7^fi£fre> 2 0 

[00 1 1] t/7^tl 4ttSSfcftUTSSfc:8?U 
Sft, fro, WaM*JfcI3iJSnT^*ci:tf»*L 

^. i-/v<{*<D&&K.mmia&n mm, 01 
sssnsj:^ ss^gffii i t^/7-r-v©fi$^ io 

v\, f^bis, c^ifttt^M* (9 0° ) 
[0012] mw.mEMm<DWi$.iasvzQimz®mk 
z-ezzttfr-zzo mm, mztt, imm&fmm 

m, &mxiimnc®M-£-£%>cttfT*2z> 0 mm, 

i, Co, Mo, Fe, V, Au, A gXti^fl^^o" 

•?%cttf?%%<, mm, cvvrnKkz-f/yj^ 
f&mumt>\ mm 2 n^mmunom^&rF tzzx? 
ic mm%mm,itrttiitet>i&\,\ mmt^x, m<d 30 

h\ 7^ y p - h U/l/ • 7^i/'xy • x^l/yx&JfH 
ttftR #U**/M**UU-h (pmm 

A) ) #>JT-*ffiffl1-S»&, 

SK«»R«|«««! 2 6 (mm, N U F eX«C 

o) fct-ess. ^yW-wdissnfc 

[0013101 CRt>*02{c^^n§<fc-5(i:, -j-yy 

ic&mz ^x, mmit 
mmzmtcticz*), 01 Dtc^^n5j;9{c, 50 
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tamtf* ^mm^tammo 9/35492 s^wm 

»WE«SnTV* 0 ^gfb£&<D-Wi03 A~03 

{b££tiMte30<DXT>y7>?>&$„ f (1) 

<&M3 Ortfcffl&i&tyXx-y;/ (03A-3B) fc, 
(2)«H4Jifr 6^tttJTl^^-y 7^+©*»ftfi« 3 
4»it5Xf7^(03C) (3)«§ttJl£Bfc:£ 
(03 D) fcj6f»6&* 0 td*-Pt*<, 

HilSSgO 9/2 3 6 9 3 3#Wffl*KE«SnTlr^S. 
[0 0 14] B3A~3D©IS«WK:tettS2fi£"ett» 

o**ais-e-**ffi^-ro conmmxn., m (c 
u ) mm^mmm 2 2 £¥<i u c <Dmm±immtf 

0 0nmO-7W (N i) fr5&£tttKg9£ 

ia««ii2 6*Jta*"&So s5*T?fcft<, Mta^^a 

Tfe) , ^J^tf, ft^«Mfflfi!cSS0 : -fy7Y^S{c 

ts^xfjumznrc tzic, wiftttxit&mmm ^ n§ 
sottmmtzzttfmmftzttf&z (03 c, tib 

S5 ^{b^hU7AfrP.«^$nT^§) J: 

tf, 02tc*3^T, ^»14S«2 2il«^m^»M2 

®frt>ffimtz>zttfx%% 0 

[0 0 15] CuSSB2 2ti, £<DHmfcts^XI,ZJo 
V-HfcLT«fl6U 7/-F2 4 (WAtf, -7^ 
77- H) icmmL, 9.M2 3tC«k?)7y- Kttt-&« 
nfc*j»KJS2 5rtCESSnTVS. WISH 2 5ti« 

i S 0<#W?§$fre>N i ^rifia^HiSfrXtiC u S 0* 

®mfrt>cu*mmz-£z>o mmnm2 sit, tmtm 
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-r^ 14" cw*.tf> A-^yx&v'Uny-f 

•V) ±fcT*«&<, M(i^3BfiK»)l2 6©£ffi±T*i£<: 
S 0 W*tf, WU30BWIII^Ailli:nuilW 

■e*t«*ns„ co/<7^-* w-/7-r+fis) am 

©<k 3 {c 1 ~ 1 0 0 n m©«SHrtT»a&3 0 W&M^W- 10 

(cfcowai-rscfc^-pt*. i5$t'W<, 03 a 

ftHMMv*, {k¥W«fflJS£Xtt»Ss!» (M 
X/W * U MM. U-if • 77U->3> 

[0 0 16] H3BttH3AO«jR>»y*#igfcJ:»?1f 
6nfdPM©K>TS0T-;&5o cofltJifttt, rS^ttS 
«»2 2. «&8^/ig?fll2 6, lEIa^-ftRffOWtt 20 

4" fr6ft*. #t/7^t 1 4" fcMH4$Jl3 0%jB* 

#fcSS»#3 4tfl»2c£n3IS. «tt03Ott«S* 

finite i o ftfk $ ■£« c t ic J; o Rfcic rT^t- fc § ck 3 & 30 
*m42-e**. »jS*7k}Sttxi4Jsa«jRr»tt«»tt0!i 
mt+hvvix, mm, aw*u^ ^g£H 

M%&mtinimai£, c Ul nk Fe, co, m 

o, V, A 1 , Zn, In, Ag, Cu-NiRtfNi 

-f e(o&oiz&mwkxs&&mizz-eib%o cft6© 
mm^mmttircm&Bit. mm, ^kx^mmoy^ 

f£*m«:0>J*«r> Z n « «t r> £iGS«^**"f tmxtt 

*t«»t s c citcck K>ftmyitt.m.m*kz>c tit 

[0 0 17] ^g{fc73&©#©XT-y7°tt, H3 Cfc?S 
£ft3ck9lC, */7^+©»il*#3 4%|»£U « 
»S3 0ftlc&tb&%titcmmi-/ , 7'( J r 1 4£t#3c 

73?£{CckD@Uia$#3 4*5f^feSi/Hix-yf-y^-r5 
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cota^ttSfSLv^jaa^ffi-c**. flu* 

ii\ *ft&fi£8ft3 4li, CO«Bt«9%flflJAtf, 2 0 
Ot~l 0 0 0°COi5HF*9tDSSr\ lHt£H5(4>Ti[in 
icTSC^tCcfcQ^-rSCfc^TffSo 

LT, ^/7^©&#&ft£g|$#£i&£t£>/c#>K:, 

T> mk1~S r ?-< J r : %:M'$%>W&MZ0' (03C# 
88) 09* tf, fc fc J: 0 CO 

ckSfCLT, B3DfC3*£n3J: , 34, S&2 2£, M 

[0 0 18] ^tt«3 0' *Rfc&f *Bk ttttWEOW 

<b^" h 'J 7 A, fil&fg^X«#y trx;l/7;l/n-;l/©ck 3 
ft#te!Mfr5&««ft, tt$$Mi§i£&«©3:£ 

7 -r + ©swgptffc m^x / w x icmmt ^<d\z 
s^oi-y^^^mm^^o ccom^s man, m 

y7"t*3^T> 09*{f, Sag, »»*H^6»»ttJI« 

t§. zofaummit, mm man, Ttva-frxi* 
m&mMznzcii&mf, Rtf/x«fflaftc»»tt 

[0 0 19] 0J*«, H3Dkl^n5<fc5*, 

mmc^riMmtirzmmmii-suwt, mm*; 

^^-;HHl8Sffl5«RRi;* ^ y ^ -b r/ U X 
^ifcD^^-r/WXffl^tctoTWfflTfe^o ^ffl 

*im) ^mjui^<owmjLittm3 6 (04 a~4 c 

« (0/Ts£ftT^&l,\> tt, SH3 6W7^ 1 4 



11 

vyvwmt, i-yyjA'vmzjjfaicm^xmm&z 

< 4:fe-»K!Mf-r*Cfc^T*5. ttlK3 6ti, «* 

4) 4ilXtt££0*B*»6ft*. «W3 6tt«*tf, 
Au, Ag, Pd, Rh, Ni, Cu, I nXBSn© 
J:54*EHft»*^T«i4ftil«ilXttAu-Sn, Sn- 
Ag> Pb-Sn, Bi-Sn, In-SnX&In- 
Ag<7>J;9&¥ffi^&?i§iT*&3o 10 

7XttMHi^Y7W/7-f*©»a, rnmt+sv 

l&7im (flRfcf, Ti, Mo, Nb, V, Fe, W, Z 
St) , ft^Wftffi^Sffi, «$K*v*Xtt 

mz. -et&^tLX¥mxte*mwmm&mm&# 20 

teSttfllfctf, ^SteX«X£tfBM*-?#J 1 0 0-9 
OOtfO. 1~1 0 0I^IBIJnJ»-r*Cfc*»6ftSo 
[0 0 2 0] 04A-4C&, tJteftSftKJjD&ffiS 

nrc^««« 3 6 %*-r«stfiBHT?*So mz.n. 0 
m&TtfTo c<ommt. ^s^yy^^-^onut 30 

M*v*) 04 Bfc^ftS,}:-?^, IHRWfcSft 
-:/n7 7>Ol/fcf§6tt*. M^coi^-14ti1i^4i!)Pl 40 

&^mmxswmmmzft%mm*£x*&% a mm 
x\ fr-?--mm>bicfflm2tircmmic&*), 04 etc* 

SftSJ:?^ :JV7'f , ir©fiSK»oT«fciS-a& 

ttHftWKx 0. 5-5 0 nmCOfSBrtT'&tK 1-2 
[0 02 1] -JV y^fcfcSSftfc&Ba^ttaofr 50 
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(DfflRSilt4ig«8»IRJc^-y7>i'-\'*»&S-&Sfc46 

*-#yi- aws.tf, s 

iXfiGa-As) X«*feii:r/7'l'^ (0fl*tf» A 1 
z 03, SiO*, BN) gb<«^c0ffi©*6l^-tr75^ 

^^-/7'T^K^-ft#*s(i%f*4"r* 0 awe, in 

* / 7 >r x<D&feizm%mm&t>mmx& 
-" «tt%*rr x« "s/*?w * 

ttffeStt"e*4Ci:a v eS3o Dresselhous et al.,Sci 
ence of Fullerines and Carbon Nanotubes, Chap. 19 
(Academic Press, San Diego 1996), pp. -758, 805-809 

yi-j^-o. -7©g n\m-i xmrnc^m? s c £ 

6nTI/>S 0 Collins et al., SCIENCE, Vol. 278, p. 
100 (Oct. 3. 1997)#BB„ C©£ 5 &ffM#tt©^») 

■To ^©£3fct/7^*±«^£iBttIlttc©IBI 

(3)«*Xtt4fi«»H»KI«Snfci:*fc, u©&J8 

tt^- y 7 -V gf*fc*f L T t B*tt/i«Mktt*#4-r 
5 0 Au, Ag, Pd, Rhft£©J:3*Jt&JR*li!tt 
t^£ttfcLTfc«^?*3USWi*/7^*fc*ll 

tLTfeifflffSo A u©cfc9&*&Jl©»^±M9 
tt¥ffltttt*J3*fc:, TSPO^S6¥ffl (ffHAtf, A u - 
S nXWP b-S n#»g£*S¥ffl) rtK$afC»lR« 

[0 0 2 2] 05 A-5 E«, ^ 7 "V^JStRtS^ 

ji^*' ! «ffl^n/ciafe^t^5^©^y7^-\' 1 4?r 

W1-§@^14S«2 2«r5S»S*fcEH-rs. F 
12 a, 1 2 b*WrS@BS»Rl 0*^/7^^^^ 

nSWti^JAtf, A 1 , Cu, W, Ta, T i N, T 
aN, CoSi 2 <DJ:3 **iWt@»8!Jfi-PHlft«fe:ffi 
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fC*3o Sfc, Flc«¥fflttttRrti«3 8£ 

MWSCfctf&SU*. K 1 2 a, I2bm 

(Dffim&~!&mc, 2 5 fim 2 &ffiV& t> , «F $ L < « 
1 fim'fcSrCfctK -iffSKttO. 0 l-(tm'*» 

[0 0 2 3] 05BCfcVT, F 

»c * 5 ^ y 7 -r ^©Mnxfi-t y 7 << -vtcft-r 

M&W&Z 2±©^/7>f^ 1 4©#Wi, ^7 71- 
v F®ttllfc:»£ , r*«fc3fc, 

yjv<D&&*m&tsimmimiR2 6 (02# 

[0024] 05C(c*3^t, mrnvtrnm 2&t>*#a 
fn««!!i^m^»^2 6«£sn, *©I8«* ty 

7-<-\'<D±»«S# 1 6 a, 16 b, 16c&£?ttSHJ£ 
tt£o •f/ y 7^\A, 0>Ufcf04 A~4 CfcHjibTiJ 
tl{c<fcD> 05 Dtc^^n?>«fc9tc, ■*-y7l'-\'©±8B 

stHa5^¥Ba3 6' TSfiftn-racfc^-esao a 

£/W F 1 2 a' , 12 b* SrWf 3le|Sga« 10' ^ 30 
^5^f/WX (05D#IO fclpfllU frO^ffl 
WB»3 8' *»j£/Vy F 1 2 a' , 12 b* ±fcE» 
-r§ci:tT'f 5o ^&ISSl 0' @BSr/< 

¥ffl»£©fflter>W**£itfc{&tI 

7?£OIh1S8S«1 0. l 0' ±£62Bf 3 40 
[0 0 2 5] ±*r/^X 1 0' 7 "¥©±81535 

#16 a, 16 b, 1 6 clc&&tZ<DiC&m-$ft%¥ 
EBWB3 6' , 3 8' (i, t/y^WT^ft («* 
If, 3 6. 3 8) KTWx'WX 1 O$ttft?*0>lctt 

T»*Ba«^« / >ft<i:t2S, SMfttfBffcliB 
B'J?£i:LT, »l©¥ffl*m£ttfflLTT95 

ea#&£ffl^T±ai5fWx£&&-r3<, coj^ic-f 
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¥ffl 3 6 , 3 8 « , & 2 8 0 1COtt^i*Wr 

5) Au-Sn«M8E£tt¥fflft*649, ±8I5t 
/WX<D*£, ¥693 6' , 3 8* tt £)2 1 

5^C©»Mi*Wrs) S n-A g#MS£*¥fflfr&fc 
5„ giJSfcLT, T*7WXffl<Da!l®¥B*m3 
6, 3 8tt (0UA»f, ttl 8 3 *C©l«b&i&*trS) Sn 

©3l2©¥ffl*m3 6' . 3 8' t± (ffiRfcf, &J13 9 

■co«jft*frr«) b i -s nmm&to^m^ftz 

tS. Itc, ¥fflfc-*-y7i'+XlilslK/<v Fgfflt© 

So 

[0026] Sitffl5SM©»c^ffl$ns^y7-r 

SSttHRtofc, &2 0 0nm*IffeD, #*L<fi 
5 0 n m*«T'$ 0 , B£Hi»$ L < ti 1 On m*7i 
■CifeS. &»tt©ffiSXtt&*/7>r+©SSttHfi« 
fc, 0- 1 0 0 0 nm©li5HWT-$>5o 
OS? SIS b < < t 1 0 n m-efe t) , »SL 
<t±, g<*< fcfe 1 OOnmT^0> Ht-Ji»f L 
£%> 1 00 0 nmt'SSo iintc.tD, +S 

/7-1'-VOfi?0±IBt4— iRWft, 1 0 0 ii m%ffiT°h 
-«»$L<ti2 0/im*}iT-fe'3> 

[0027] mmcmumm.ztirz®mox-&m-$ftz 

77-T-\'(i^«14yj-^y^y^a-7o-4!S±^S 

J.Hu et al., NATURE, Vol. 399 (1999), p. 48# 
88, iJS-fift'xfaS^ l «M±©*/7>r*fc: 

A^T'fSo p-na^&Xtthy^/l/'r/W^lKtftO.fe 
9 *-^©ftfi©^-Y •?<Dt : >U7, t-f y 7-f -^cpfciSa^ji 

tyct^T'^s, 06 a, ^-y7-r-vgf*A^JH4A- 
ryt/fa-74 aSa*^(*7^-V4 b©ta^f**» 
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S&SS 1 Ott*©aBfc»jft/W F 1 2 a , 1 2 b££ 
1 0 ' tt*©«iBfclfoft/<y F 1 2 a ' , 12b' 

«*ru ^LT¥##7^-\'fr?>&s:>-y7-r-\M b© 

±»»»ttcn6©±*»J«^<y F 1 2 a' . 12 b* 

suvzmw.i o, io' tc^mtite-tutzztifi-v 

[0 0 2 8] ffdfctf, ^-/^'T^iD^W^SOfcfttC^ 
£»K«fc3lt*»K tra«fte % ffltffOJgg* 

So 

[0 0 2 9] 

-r s c s fitted u\R y 

* ^ &-ty 7i > -v%ffli/>TMcffissit^nfct5]ssx 

/W^fcttSCfctfT'tSo 

[0 1 ] *BHte#fiSftfc* /7-<*©84ft}Btt* 
*-T«ISHT*0» (A) 8?:/£7*fc2f|fiiifaSgLfc 

^-y7^**u (b) ttanfcjfls-pjSRUfc-jv 
7-r***u (o i**«DSiRiicwicja*bfcW 
-ftfi***"r*^y7>r+«^u (d) ti^gft* 

[02] mmommzmnzT'Uxzm&tzMc 
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0T*&S o 

[03] ^y7^£Mfe|fOCfi£Kl|g<fc$itS£i£ 

©HW*jjvr*SB-e*!>, (a) 
st^^^u (b) \zwm*mmz&rdm>k 
(o «tsfi{k*-a-fc««*^b, (d) im& 

[0 4] */7^+K&«^*tt*s#fc«*a*tt 
*m-r*SHT*t)o (a) */7-r-v®M-fltuc&istt 

10 K*fi&lp^*;*tffc*^**U (B) 1*^7^ 
Ojy^»«:&Ji»li*«[»«-a:fc«SI*^L, (C) » 

[05] ^■y7^-\'%»RfcS^*^ seiisfijtt* 
mfi!c-rs^o-t«^'r^0T*st)^ (a) irM-g 

U (B) ttt/7'ft4»Mj'Kt^*ft«« 
fcjjsU (C) LfcW&^U (D) U 

±fat©^y7^K#LT8£/W K%»iB*-&fc« 
»*tSu (e) im&>svvm±*i-y , ?'C j r?mm 

[06] &&i-;y'( j ritm^xmmcmnmffi2tirc 

[ft*t©IBBj§] 

4 a ^JS*-#y^-yf-a-7 
4 b ^##7-r^ 

10.10' 8& 
1 1 Sffi^H 

12, 12a, 12 b, 12a', 12b* g^/W 
F 

30 1 4, 1 4' . 1 4" */7-f* 

1 6 a ~ 1 6 g ±»«# 

2 2 jgfc?14S1g 
2 3 MM 

2 4 7y-F 

25 mmnm 

2 6 mw««jsji 
30 mas 

34 

3 6, 3 6* &Jg$§l (¥ffl*f*4) 
40 3 8, 3 8' 
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1 . Ti 1 1 e o I Invent ion 

Article Comprising Vertically Nano-I n te rCoonect ed Circuit Devices And 
Method For Making Tie Same 

2. Claims 



7-5-186 17 



1. An article having a circuit device comprising at least two circuit layers and a 
plurality of substantially equi-length nanowires disposed between and electrically 
interconnecting the at least two circuit layers. 

5 2. The article of claim 1 in which each one of the plurality of nanowires has a 
diameter of less than 500 run. 

3. The article of claim 1 in which each one of the plurality of nanowires is 
substantially vertically aligned. 

An article having a circuit device comprising at least two circuit layers and a 
10 plurality of substantially parallel and equi-length nanowires perpendicularly disposed and 
electrically interconnecting the at least two circuit layers, wherein each one of the 
plurality of nanowires has a diameter of less than 500 nm and is bonded to at least one of 
the two circuit layers by metallic solder bonding. 

5. The article of claim 4 in which the plurality of nanowires exhibit mechanical 
15 compliancy for avoiding reliability problems associated with external stresses. 

6. The article of claim 4 in which the plurality of nanowires are selected from 
carbon nanotubes, semiconductor nanowires, and nanowires fabricated with at least one 
of metals, alloys, oxides, carbides, nitrides, borides, or mixed ceramics. 

7. The article of claim 4 in which the length of any one of the nanowires deviates 
20 from the average length of all the plurality of nanowires by less than twenty percent. 

8. The article of claim 4 in which at least one of the plurality of nanowires 
comprises a composite nanowire having a het exjunction present along the length 
thereof. 

9. A method of making a circuit device comprising: 



25 



providing a substrate; 
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growing a plurality of nanowires on the substrate so that each one of the plurality 
of nanowires has a first exposed end and a second end attached to the substrate; 

equalizing the length of the nanowires so that each one of the plurality of 
nanowires is substantially equal in length; 

5 bonding the first exposed ends of the plurality of nanowires to a first circuit layer, 

and 

removing the substrate to provide a circuit device having the plurality of 
nanowires bonded to the first circuit Layer with the second ends of the plurality of 
nanowires exposed. 

10 10. The method of claim 9, wherein the step of removing the substrate comprises 
mechanically detaching the second ends of the plurality of nanowires from the substrate. 

1 1. The method of claim 9 wherein the substrate comprises a dissolvable substrate 
and the step of removing the substrate comprises chemically dissolving the substrate. 

12. The method of claim 9 further comprising the steps of providing a second circuit 
15 layer, coating the second exposed ends of the plurality of nanowires with a second 

soldering material, and bonding the second exposed ends to the second circuit layer to 
provide a verdcally-interconnected circuit device. 

13. The method of claim 9, in which the step of growing the plurality of nanowires 
comprises depositing a catalytic nucleation layer on the dissolvable substrate and 

20 decomposing a gas adjacent the catalytic nucleation layer. 

14. The method of claim 1 3 in which the gas comprises a hydrocarbon-containing gas 
such that carbon nann tubes are grown on the dissolvable substrate. 

15. The method of claim 9 further comprising the step of coating at least one of the 
first and second exposed ends of the plurality of nanowires with a soldering material. 
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16. The method of claim IS in which the soldering material is applied to at least one 
of the first and the second exposed ends of the plurality of nano wires by a deposition 
process during which the dissolvable substrate is rotated to promote a uniform 
application of the soldering material on the plurality of nano wires. 

5 17. The method of claim 15 in which the first and second circuit layers each has a 
plurality of contact pads thereon, a layer of soldering material is applied to each of the 
contact pads on the first and second circuit layer, and the first and second ends of the 
plurality of nano wires are bonded onto the contact pads. 

18. The method of claim 17, in which the first soldering material used to bond the 
10 first exposed ends to the first circuit layer has a first soldering temperature and the 

second soldering material used to bond the second exposed ends to the second circuit 
layer has a second soldering temperature, in which the second soldering temperature is 
lower than the first soldering temperature. 

19. The method of claim 9, in which the step of equalizing the length of the 
15 nano wires comprises: 

partially embedding the plurality of nano wires attached to the dissolvable 
substrate in a layer of sacrificial material of substantially uniform thickness whereby an 
extra length of nano wires protrudes from the sacrificial material; 

removing the extra length of nano wires; and 

20 removing the sacrificial material. 

20. The method of claim 19, further comprising a conductive underlayer interposed 
between the dissolvable substrate and the catalytic nucleation layer for use in enhancing 
adherence of the layer of sacrificial material to the dissolvable substrate. 



25 



21. The method of claim 19, in which the sacrificial material is deposited by 
electroplating. 
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22. The method of daim 19, in which the thickness of the layer of sacrificial material 
is in the range of about I to 100 micrometers. 

23. An article according to claim 1 wherein the plurality of nanowires have an 
average diameter of less than 200 nm and contain at least one of a semiconductor p-n 

5 junction and tunnel junction. 

24. An article comprising an array of vertically interconnected nan o wire rectifying 
diode devices according to claim 1. 



3. 
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Related Applications 
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This application is related to US. patent application Serial No. 



titled "Tactile Sensor Comprising Nanowires and Method for Making the Same** filed 
Sept. 24, 1999, by inventor Jin herein, and U.S. patent application Serial No. 

, titled "In-Situ Ncmo-intercormected Circuit Devices and Method/or 

Making the Same, " filed concomitantly herewith, by inventors Brown, Jin and Zhu 
10 herein. 

Field Of The Invention 

This invention relates to structures for making nano-interconnected or nano- 
packaged circuits and methods of making same, and more particularly, to vertical 
electrical connection of circuits using conductive nanowires. 

15 Background Of T^e Invention 

N an o -scale wires such as carbon nanotubes with a very small size scale, on the 
order of 1-100 nanometers in diameter and 0.1-100 urn in length, have received 
considerable attention in recent years. See Liu el al, Science, Vol. 280, p. 1253 
(1998); Ren el al, Science, Vol. 282, p. 1 105 (1998); Li et al., Science, Vol. 274, p. 
20 1701 (1996); Frank et al., SCIENCE, Vol. 280, p. 1744 (1998); J. Tans et al., NATURE, 
VoL 36, p. 474 (1997); Fan et al., SCIENCE, Vol. 283, p. 512 (1999); Collins et al, 
SCIENCE, Vol. 278, p. 100 (1997); Kong et al.. Nature, Vol. 395, p. 878 (1998); and 
Ebbesen et al., NATURB, Vol. 382, p. 54 (1 996). 
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Carbon nanotubes exhibit unique atomic arrangements, nano- scale structures and 
interesting physical properties such as one-dimensional electrical behavior, quantum 
conductance, and ballistic transport characteristics. The ballistic transport in carbon 
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nanotubes, as reported by Frank et al t allows the passage of huge electrical currents in 
electronic circuits, with the magnitude of current density comparable to or better than 
those in some superconductors. Carbon nanotubes are one of the smallest dimensi oned 
nanowire materials with generally high aspect ratio and small diameter of ~ 1 nm in the 
5 case of single-wall nanotubes and less than -50 nm in the case of multi-wall nanotubes. 
See Rinzler et al, APPLIED Physics, VoL A67, p. 29 (1998); Kiang et at, J. PHYSICAL 
Chem., Vol 98, p. 6612 (1994), and Kiang et al y Physical Review Letters, Vol. 81, 
p. 1869(1998). 

High-quality single-walled carbon nanotubes are typically grown as randomly 

10 oriented, needle-like or spaghetti-like, tangled nanotubes by laser ablation or arc 
techniques (a chemical purification process is usually needed for arc-generated carbon 
nanotubes to remove non-nanotube materials such as graphitic or amorphous phase, 
catalyst metals, etc). Chemical vapor deposition (CVD) methods such as used by Ren et 
at., Fan et aJ., and Li et a! tend to produce multiwall nanotubes attached to a substrate, 

15 often with a semi-aligned or an aligned, parallel growth perpendicular to the substrate. 
As described in these articles, catalytic decomposition of hydrorartxMi-coritaining 
precursors such as ethylene, methane, or benzene produces carbon nanotubes when the 
reaction parameters such as temperature, time, precursor concentration, flow rate, are 
optimized. Nudeation layers such as a thin coating of Ni, Co, Fe, etc. are often 

20 intentionally added to the substrate surface to nucleate a multiplicity of isolated 
nanotubes. Carbon nanotubes can also be nucleated and grown on a substrate without 
using such a metal nucleating layer, e.g., by using a hydrocartKjn-containing precursor 
mixed with a chemical component (such as ferrocene) which contains one or more of 
these catalytic metal atoms. During the chemical vapor decomposition, these metal 

25 atoms serve to nucleate the nanotubes on the substrate surface. See Cheng et al. , Chem. 
Physics Letters, Vol. 289, p. 602 (1998). 

Hie modern trend in electronic circuit design, mterconnection and packaging is 
toward use of finer features, such that subnricron feature sizes have been reached in 
recent years. To produce desired, ultra-high density electronic packaging, a small width 
30 of the circuit lines is important, as well as a three-dimensional, multi-layer configuration 
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with vertically integrated circuit layers. However, nanowires grown with presently- 
available methods are not suitable for such purposes. The as-grown single-wall 
nanotubes (SWNT) such as commonly synthesized by laser ablation or arc method, have 
a spaghetti-like configuration and often are tangled with each other. The multi-wall 

5 nanotubes (MWNT), such as commonly made by chemical vapor deposition, are easier 
to prepare in an aligned and parallel configuration. However, these as-grown nanotubes 
such as reported by Ren et cd. and Li, et cd. differ in height or length. For reliable circuit 
interconnections without electrical shorts or opens, it is desirable to prepare nanowires 
having equal and specific predetermined lengths. Further, it would be advantageous to 

10 provide the nanowires as free-standing wires so that they may be manipulated, e.g., for 
transfer, placement and bonding for circuit interconnections at ambient or relatively low 
temperatures, e.g., below 300°C. Selective CVD growth of nanowires such as carbon 
nanotubes directly on desired circuit pads may be possible using selective area patterning 
of a catalyst layer, however, often it is undesirable to expose the delicate semiconductor 

15 circuits and components to the high temperatures (e.g., 600 -1000°C) and chemical 
environments involved with CVD deposition of nanotubes. The invention discloses 
substantially equal length nanowires that may be fabricated as free-standing units suitable 
for convenient vertical interconnections and vertically interconnect circuit devices using 
such nanowires. 

20 Summary Of The Invention 

The invention comprises a vertically-interconnected circuit device having at least 
two circuit layers and a plurality of substantially equi -length nanowires disposed 
therebetween. The nanowires may comprise composites, e.g., having a heterojunction 
present along the length thereof, to enable a number of device applications. Also 

25 disclosed is a method for making the circuit device comprising growing a plurality of 
nanowires on a removable substrate, equalizing the length of the nanowires (e.g., so that 
each one of the plurality of nanowires is substantially equal in length), transferring and 
bonding exposed ends of the plurality of nanowires to a first circuit layer; and removing 
the substrate. The nanowires attached to the first circuit layer can be further bonded to a 

30 second circuit layer to provide the verticaUy-mtercormected circuit device. 
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Brief Description Of The Drawings 

For a better understanding of the invention, an exemplary embodiment is 
described below, considered together with the accompanying drawings, in which: 

FIGS. 1 A- ID schematically illustrate various configurations of nano wires grown 
5 an a substrate; 

FIG. 2 schematically illustrates nanowires grown on a dissolvable substrate useful 
in making the vertically interconnected devices; 

FIGS. 3A-3D schematically illustrate an exemplary process for equalizing 
nanowires to substantially the same length; and 

10 FIGS. 4A-4C show various configurations for the deposition of metallic coatings 

on nanowires; 

FIGS. 5A-5E schematically illustrate an exemplary process for attaching 
nanowires to a substrate and maVing vertical interconnections; and 

FIG. 6 schematically shows a vertically interconnected device using composite 
15 nanowires. 

It is to be understood that these drawings are for the purposes of illustrating the 
concepts of the invention and are not to scale. like reference numerals are used in the 
figures to refer to like features. 

Detailed Description Of The Invention 

20 This application discloses methods for preparing electrically-conducting 

nanowires such as carbon nanotubes that are useful as nano-scale, vertically connecting 
wires between circuit device layers and for in-plane connecting wires between adjacent 
electrical contact pads. Fox circuit interconnections, such as between two circuit layers 
or mating devices, the use of many, sub-divided parallel conductive paths can be 

25 achieved with aligned nanowires. The nanowires provide elastic compliance and 
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flexibility of the interconnection medium which are advantageous in avoiding short and " 
long-term reliability problems, eg., caused by undesirable stresses. Common sources of 
stresses exerted on the interconnection medium include local temperature gradients, 
stresses arising from mismatches of the thermal expansion coefficients between different 

5 materials used in the devices, and electroniigranon-mduced stresses, and mechanical and 
thermal stresses introduced during device assembly, han dl i n g , testing, or shipping. The 
invention avoids or nunimizes the reliability problems caused by such stresses including 
fatigue, creep, or deformation failures of the interconnection medium or circuit 
components. When srnall- diameter nanowires are utilized, this invention is useful for 

10 achieving high- or ultra-high density circuit interconnections. 

Referring to the figures, FIGS. 1A-1D schematically illustrate various 
configurations of nanowires grown on a substrate 1 0. The nanowires may comprise 
carbon nanotubes; semiconductor nanowires fabricated, for example, with Si, Ge, or 
GaAs, or nanowires fabricated with any other conductive or nonconductive materials 

15 known in the field, such as metals, alloys, oxides, carbides, nitrides, borides, or mixed 
ceramics, Methods for fabricating the nanowires may comprise laser ablation, arc 
discharge, or chemical vapor deposition of a precursor gas or mixture of precursor 
gases. Small diameter nanowires may be nucleated and grown upward from the 
substrate by catalytic decomposition of a gas phase. In this case, a catalytic film may be 

20 deposited on the substrate and fine-scale, local nucleation of this film may be initiated 
with catalytic decomposition in a gas phase. For example, a glass circuit substrate may 
be provided, a catalytic film comprising a transition metal may be deposited on the glass 
substrate, and then carbon nanotubes may be fabricated by decomposing C2H4 on the 
film surface. The catalytic film is also referred to herein as the catalytic nucleation film; 

25 it may be comprised of Ni, Co, or Fe, or other materials known in the field. 

In the absence of alignment processing, the nanowires tend to grow as randomly- 
oriented or tangled nanowires 14\ as shown in FIGS. 1A and IB, iespectively. A 
tangled morphology of nanowires 14* (FIG. IB), also may be obtained with use of laser 
ablation. However, advantageously for toe use in vertical interconnections, the 
30 nanowires are substantially vertically aligned. The nanowires may be aligned as they are 
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fabricated, e.g., by using an applied electrical field, gas concentration gradient, or - 
temperature gradient Also, the nanowires may be aligned as grown by physical 
techniques using recessed vertical cavities in the substrate or by crowding, e.g., 
sirnultaneoualy fabricating a "dense forest" of nanowires (e.g., a high concentration per 

5 unit area). A porous ceramic or silicon layer may be used in combination with a catalytic 
nucleation film to enhance aligned growth of the nanowires. The aligned nanowires may 
be of a non-uniform length 14", as in FIG. 1C, or of a uniform length 14, as in FIG. ID. 
The embodiment shown in FIG. ID is preferred, that is, where the nanowires are 
substantially aligned and substantially equal in length. The length of each of the 

10 nanowires preferably deviates from the average nanowire length by less than 20% and 
more preferably by less than 1 0%. 

The nanowires 14 advantageously are vertically aligned relative to the substrate 
and disposed substantially in parallel. Full vertical alignment of the nanowires (e.g., 
where in FIG. ID angle $ between the surface 11 of the substrate and the length of the 
15 nanowire is 90°) is not necessary. However, preferably the deviation from complete 
vertical alignment is insubstantial, that is, it is less than about 25 degrees and preferably 
less than 15 degrees from full (90°) alignment. 

For ease of use in making vertical interconnections, the nanowires may be grown 
on a separate substrate that is dissolvable. For example, FIG. 2 shows unequal length 
20 vertically aligned nanowires 14" on a dissolvable substrate 22, grown with use of a 
catalytic nucleation layer 26. The dissolvable substrate aids in transferring the nanowires 
in making circuit interconnections, as explained below. The dissolvable substrate layer 
may be dissolvable in water, acid, base, or solvents. For example, sodium chloride 
crystal may be used to fabricate a water-soluble substrate. To fabricate an acid- 
25 dissolvable substrate, metals such as Cu, Ni, Co, Mo, Fe, V, Au, Ag, or their alloys may 
be used. To fabricate a base-dissolvable substrate, metals such as Al may be used. The 
substrate should be chosen so that the temperature of nanowire growth, e.g., by CVD 
processing, is below the melting point of the substrate material used. Alternatively, 
dissolvable polymer materials may be used to fabricate the separate substrate layer, such 
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as polyvinyl alcohol, polyvinyl acetate, pc4yacrylamide, acryloiutiue-butadien^styrene, 
or volatile (evaporable) materials such as polymfthylmethacrylate (PMMA). When 
polymers are used, the temperature used in processing the nanowires should be 
sufficiently low to avoid damaging the polymer, such as through decomposition, change 

5 in physical shape, or change in chemical properties. A combination of materials also may 
be used to fabricate the dissolvable substrate layer. The dissolvable substrate may be 
coated with the catalytic mideation film 26 (eg., NO, Fe, or Co) to grow the nanowires. 
After the nanowires are grown, the dissolvable layer can be removed. The catalytic 
nudeation film may be deposited on the dissolvable layer as a continuous layer or in a 

10 spotted or patterned manner, eg., by sputtering, evaporation, or electrochemical 
deposition. 

Nanowires may be first grown of unequal length, as shown in FIGS, 1C and 2, 
and then an equalization process applied to achieve substantially equal length nanowires, 
as shown in FIG. ID. As mentioned, substantially equal-length nanowires are preferred. 

15 See, for example, US patent application Serial No. 09/354,928, "Nanoscale Conductive 
Connectors and Method for Making Same," filed July 15, 1999, by Choi and Tin, 
inventors herein, assigned to the present assignee and incorporated herein by reference. 
An example of an equalization process is schematically illustrated with reference to 
FIGS. 3A-3D. The equalization process of this example comprises essentially three 

20 steps, ie. (1) embedding unequal length nanowires in a dissolvable sacrificial layer 30 
having a substantially uniform thickness (FIGS. 3A-3B); (2) removing an extra length 34 
of nanowires protruding from the sacrificial layer (FIG 3C); and (3) removing the 
sacrificial layer (FIG. 3D). Of course, it is understood that other equalization processes 
in the field may be used, such as laser cutting and hot blade cutting. See, e.g., U.S. 

25 Patent application Serial No. 09/236,933 filed on January 25,1999 by Tin, Zhu et al t two 
inventors herein, assigned to the present assignee and incorporated herein by reference. 

In the. exemplary process of FIGS. 3A-3D, the first step involves depositing a 
sacrificial layer of substantially uniform thickness. FIG. 3A shows an electroplating 
apparatus and process for depositing the sacrificial layer 30 on a substrate 22 having 
30 unequal length nanowires 14." In this example, a copper (Cu) dissolvable substrate 
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layer 22 is provided, on which is deposited a catalytic nucleation layer 26 of nickel (Ni) 
having a thick*** of about 1-100 ma Of course, other materials as aforementioned may 
be used for the dissolvable substrate layer 22 or nucleation layer 26. The nucleation 
layer 26 is shown in the figures as a continuous layer. However, the nucleation layer 
5 (eg., even when deposited as a continuous layer) may break up into segments or islands 
when heated, e.g., during chemical vapor deposition and nanowire growth. Such 
segmentation of the nucleation layer leaves the surface of the dissolvable substrate 
between nanowires depleted, without an overlying conducting metal film. Deperiding on 
the materials comprising the dissolvable substrate, it may be difficult to coat the substrate 
10 and segmented nucleation layer with a metallic sacrificial layer 30 (FIG. 3C, described 
below), such as, for example, where the dissolvable substrate is msulating (e.g., 
comprised of sodium chloride). Thus, a non-catalytic conductive underiayer (not 
shown) may first be deposited on the dissolvable substrate before the nucleation layer is 
deposited. In other words, in FIG. 2, an underiayer may be interposed between the 
15 dissolvable substrate 22 and the nucleation layer 26. This underiayer may be comprised 
of Mo or other non-catalytic conductive materials known in the field. 

The Cu substrate layer 22 functions as a cathode in this process; it is positioned 
in a bath of electrolytic material 25 adjacent an anode 24 (e.g., of nickel) and coupled 
with the anode through power supply 23. The electrolyte 25 contains ions of the metal 
20 to be deposited, e.g., Ni from a solution containing NiSO* or Cu from a solution of 
CuS0 4 . Preferably, the electrolyte bath 25 contains the same type of ions as those of the 
nucleation layer 26 or conductive underiayer. In this way, electrodeposmon of the 
sacrificial layer 30 will occur on the surfece of the nucleation layer 26 instead of on the 
nanowires 14", such as carbon or silicon nanowires, due to chemical affinity, e.g., the 
25 sacrificial layer 30 has the same metallic characteristics as the nucleation layer and 
substantially different characteristics from the nanowires. The sacrificial layer is 
deposited to a thickness that is substantially the same as the desired length of the 
nanowires. This parameter (nanowire length) will depend on the desired application for 
the sensor, but typically it will be in the range of 1 to 100 micrometers, as mentioned 
30 above. The thickness of the sacrificial layer may be controlled with processing variables, 
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such as time, temperature, electrolyte concentration, current density, and so forth. Of " 
course, FIG. 3 A reflects one exemplary method for depositing the sacrificial layer. The 
sacrificial layer can be deposited by other methods, such as electroless plating, chemical 
vapor deposition, or physical vapor deposition, including sputtering, evaporation, laser 
5 ablation, or ion beam deposition. 

FIG. 3B shows the structure obtained via the electrodeposition process of FIG. 
3A comprising the dissolvable substrate layer 22; the nucleatioD layer 26; and the 
unequal length nanowires 14" embedded in the sacrificial layer 30 of substantially 
uniform thickness. The nanowires 14" each have an exposed extra-length portion 34 

10 protruding beyond the sacrificial layer 30. The sacrificial layer 30 temporarily protects 
the buried nanowires while the extra-length portion 34 is removed. The sacrificial layer 
desirably is comprised of an easily-removable material, e.g., one that is removable by 
dissolving it in water or a solvent, by chemical or electrochemical etching, or by 
vaporizing through heating. Examples of suitable water-soluble or solvent-soluble 

15 materials include salts such as sodium chloride, silver chloride, potassium nitrate, copper 
sulfate, and indium chloride, or organic materials such as sugar and glucose. Examples 
of suitable chemicaUy-etchable materials include metals and alloys such as Cu, Ni, Fe, 
Co, Mo, V, Al Zn, In, Ag, Cu-Ni, and Ni-Fe. Sacrificial layers formed of these 
materials may be dissolved away in an acid such as hydrochloric acid, aqua regia, or 

20 nitric acid, or in a base solution such as sodium hydroxide or ammonia. Suitable 
vaporizable materials include those that exhibit high vapor pressure such as Zn, or which 
can be decomposed or burned away by heat treatment in a suitable oxidizing, reducing, 
or neutral gas atmosphere, such as organic acids. 

A next step of the equalization process involves removing the exposed portions 
25 34 of the nanowires to obtain the equi-length nanowires 14 embedded in the sacrificial 
layer 30', as shown in FIG. 3C. Polishing or etching the exposed portions 34, e.g., by 
chemical or mechanical methods may perform this removal. Hearing also may be used, 
which is preferred when carbon nanowires are used. For example, the extra-length 
portion 34 may be removed by heating the structure in an oxidizing atmosphere, e.g., at 
30 temperatures in the range of 200 to 1000°C. A full or partial oxygen or ozone 
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atmosphere may be used. Afteraativety, mechanical polishing may be used to remove the ■ 
extra length of the nanowires. In the next step, the sacrificial layer 30' having equal 
length nanowires (FIG. 3C) is removed, e.g., by being dissolved away. The structure of 
PIG. 3D is thus achieved, having the substrate 22, nucleation layer 26, and substantially 
s equal-length nanowires 14. 

In removing the sacrificial layer 30', the nucleation layer 26 should remain on the 
dissolvable substrate 22, because otherwise, the nanowires may detach from the 
substrate 22. If the sacrificial layer comprises a non-metallic layer such as sodium 
chloride, copper sulfate, or polyvinyl alcohol, the sacrificial layer may be removed with 

10 the nucleation layer remaining in tact However, if the sacrificial layer comprises a metal 
layer, removal of the sacrificial layer, such as by acid etch, may result in removal of the 
nucleation layer, such that the nanowires are detached from the substrate. To address 
mis situation, the sacrificial layer may be partially etched (e.g., to one-half or one-third 
its original thickness), to expose a sufficient length of the nanowires for connecting the 

15 exposed ends of the naiKJwires to a circuit device. In this case, the remaining sacrificial 
layer may be removed later, e.g., when the dissolvable substrate and nucleation layer are 
removed. Advantageously, the dissolvable substrate is coated with a temporary 
protective layer (not shown) to protect h (e.g., from deformation, from being dissolved, 
etc.) during intermediate processing steps. The protective layer may be applied to the 

20 back and/or sides of the dissolvable substrate. It may comprise a lacquer-type material 
that is easily removed with solvents (e.g., alcohol or acetone) but stable in aqueous 
solutions. The materials comprising the dissolvable substrate 22, nucleation layer 26 and 
sacrificial layer 30 may be selected so that they have sufficient differential etching or 
removal rates to avoid dissolving the nucleation layer with removal of the sacrificial layer 

25 and/or to avoid damage to the dissolvable substrate during processing. 

The equi-length parallel nanowires held by the dissolvable substrate (e.g., as in 
FIG. 3D) are .useful for a variety of device applications, including vertical nano-scale 
circuit interconnections and tactile sensor devices, as described in U.S. application Serial 

No. , filed Sept. 24, 1999 by inventor Jin, which is incorporated herein by 

30 reference. Advantageously for certain applications, at least a portion of the nanowires 
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may be coated with a thin film or coating 36 of an electrically conductive and preferably 
bondable (solderable) metal or alloy (eg, FIGS. 4A-4C). Optionally an adhesion- 
promoting layer (not shown) may be deposited between the coating 36 and the nanowire 
14. M etallizing the nano wires may be helpful to ensure that there is electrical conduction 

5 along the length of the nano wires. The coating 36 may be applied to at least a portion of 
the nanowires and comprise a thin film of electrically conductive and preferably bondable 
(solderable) metal or alloy, for example, a solderable metal film such as Au, Ag, Pd, Rh, 
Ni, Cu, In, Sn, or a solder alloy film such as Au-Sn, Sn-Ag, Pb-Sn, Bi-Sn, In-Sn, or In- 
Ag. In the case of carbon nano tubes or nitride-type nanowires, the adhesion-promoting 

10 interface layer between the coating and nanowire may comprise a carbide- or nitride- 
forming element (e.g., Ti, Mo, Nb, V, Fe, W, Zr). The solderable layer as well as the 
adhesion-promoting layer can be added onto the nanowire surface by a number of 
processing approaches such as physical vapor deposition (sputtering, evaporation, ion- 
beam deposition), chemical vapor deposition, electro less or electrolytic deposition, or a 

15 combination of deposition techniques Alternatively, the adhesion-promoting element 
may be pie-incorporated into the solder or solderable coating layer itself as an alloying 
element To further promote the adhesion between the nanowire surface and the 
deposited adhesion-promoting layer, or between the adhesion-promoting layer and the 
solderable layer, an optional adhesion-enhancing heat treatment may be added, e.g., at 

20 about 100-900°C for 0. 1 to 100 hours, in an inert or vacuum atmosphere. 

FIGS. 4A-4C illustrate the metallic coating 36 as applied with various techniques. 
FIG. 4 A, for example, shows a line- of- sight deposition of metal atoms via physical vapor 
deposition. The deposition is performed along a lateral direction, e.g., following arrows 
"d", such that the metal is concentrated on one side of the nanowires. A more uniform 

25 deposition over the surface of the nanowires can be obtained by a modified process, e.g., 
by rotating the substrate during the deposition. An electrochemical method for 
depositing the metal (for example, electrolytic or electroless deposition) can produce a 
preferentially localized deposition as shown in FIG. 4B. This preferential deposition can 
occur due to a generally higher electrolyte concentration or higher (concentrated) 

30 current density near the tips of the nanowires. A non-uniform profile also may be 
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obtained with CVD processing, with the uniformity of the coating dependent on various " 
processing parameters, such as the speed at which the metal ions travel, the gas atom 
transfer to the deposition site, and the speed at which the coating is deposited. Slower 
and more controlled deposition processing can result in metallic coatings 36 of 
5 substantially uniform thickness along the length of the nanowires, as shown in FIG. 4C. 
The desirable thickness of the metallic or solderable layer as we! as the interface 
adhesion-promoting layer (if needed) is typically in the range of 0.5-50 nanometers, and 
preferably is in the range of 1 -20 nanometers. 

The metallic film coated on the nanowires may serve several important functions. 

10 i) It provides solderability for attaching the nanowires to the circuit substrate. A 

solderable metal or solder alloy coating is desirably also added to the surface of the 
electrical contact pads onto which the nanowires are to be bonded. 

ii) ft may impart a uniform electrical conductivity especially to nonmetallic 
nanowires, e.g., to semiconducting carbon nanotubes, semiconductor nanowires such as 

15 Si or Ga-As, or insulating nanowires such as AI2O3, S1O2, BN, or other insulating ceramic 
nanowires. In fabricating efficient and reliable vertical interconnections, a stable 
electrical continuity from one end of the nanowire bonded to a bottom circuit device, 
through the nanowire length, and to the other end of the nanowire bonded to an upper 
device or the upper circuit layer is important. Single-wall nanotubes can be metallic with 

20 the "armchair*' configuration of carbon atoms or semiconducting to near insulating with 
the "zig-zag" type configuration or certain "chiral" configurations. See Dresselhous et 
aL, Science of Fullerines and Carbon Nanotubes. Chap. 19 (Academic Press, San Diego 
1996), at pp. 758, 805-809. It is also known that the nanotube atomic arrangements and 
hence electrical properties may vary drastically along the length of a single carbon 

25 nanotube. See Collins et al, SCIENCE, Vol 278, p. 100 (Oct. 3, 1997). Such a variation 
in electrical properties may adversely effect the efficient electron transport between 
nano-inter connected devices via the carbon nanotube interconnection medium. The 
metal surface coating on the nanowires as herein described addresses this problem and 
provides the desired electrical conductivity to the vertical nano-inter connection medium. 
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iii) The coaling can also provide corrosion/oxidation resistance to the 
solderabie coating (and also to the nanowires themselves if they are susceptible to 
corrosion/oxidation) upon exposure to ambient or processing atmospheres. Noble metal 
films such as Au, Ag, Pd, Rh, and so forth can be utilized either as the coating itself or as 
s an added overcoating on top of the solderabie metal coating 36 deposited on the 
nanowire. A thin overcoating of noble metal such as Au can be easily absorbed into the 
underlying molten solder, e.g. An-Sn or Pb-Sn eutectic solder, during the soldering 
process and thus does not prevent the bonding. 

FIGS. 5 A through 5E schematically illustrate an exemplary process for attaching 
10 nanowires to a substrate and making vertical interconnections. As illustrated in FIG. S A, 
the dissolvable substrate 22 having substantially equal Length nanowires 14 coated with a 
metallic solderabie coating is placed upside down. A circuit substrate 10 having contact 
pads 12a, 12b thereon is placed facing the nanowires. The material used for making the 
contact pads can be selected from a number of different conductive materials, for 
15 example, those commonly used in semiconductor circuit fabrication, e.g., Al, Cu, W, Ta, 
TiN, TaN, C0S12, with an optional use of additional surface conductive coating. The 
contact pads also preferably are coated with a solderabie layer 38. The contact pads 
12a, 12b, etc., typically are less than 25 microns square in area, preferably less than 1 
micron square in area, and even more preferably less than 0.01 microns square in area. 

20 In FIG. 5B, the nanowires are in physical contact with the contact pads, and the 

structure is heated to induce solder bonding of the nanowires onto the pads. If the 
nanowires are not sufficiently strong to support the dissolvable substrate (e.g., against 
the force of gravity), spacers having a desired thickness may be used to prevent collapse 
ot, or damage to, the nanowires by the weight of the substrate. The spacers may 

25 comprise a pre- deposited patterned thin film on the circuit substrate 10. The distribution 
of the nanowires 14 on the dissolvable layer 22 can be patterned so that it will match the 
location of the . contact pads. This can be accomplished, for example, by lithographically 
patterning the catalytic nucleation layer 26 (FIG. 2) for growth of the nanowires during 
CVD processing. 
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In FIG. 5C, the dissolvable substrate 22 and also, if present, the catalytic * 
nucieation layer 26, have been removed so that the nanowires are bonded to the circuit 
substrate 10 with their top portions 16a, 16b, 16c, etc., exposed. The nanowires may be 
further coated with a soldering material, e.g., as described earlier in connection with 

5 FIGS. 4A through 4C, so that their top exposed portions are again coated with solder 
36', as shown in FIG. 5D. A inating device is provided, comprising a circuit substrate 
10* with contact pads 12a 1 12b* (FIG, 5D), and a layer of solder material 38' may be 
placed on the contact pads 12a', 1 2b.' The mating substrate 10' is placed in contact 
with the exposed nanowires, e.g. by the circuit device being placed upside down. The 

10 structure is then heated so the components are soldered together to complete the vertical 
interconnection, as shown in FIG. 5E. Spacers or micro-positioning device holders (not 
shown) may be placed on either or both circuit substrates 10, 10*, for use in vertically 
positioning the devices prior to solder bonding. 

The solder material 36*, 38\ used for bonding the upper device 10* to the top 

15 portions 16a, 16b, 16c, of the nanowires may be the same material used in bonding the 
lower device 10 to the bottom portions of the nanowires (e.g., 36, 38). In that case, the 
lower solder bonds will undergo the melting and sobdification process at least a second 
time Alternatively, a first solder material is used to bond the lower device, and a second 
solder material having a lower soldering temperature is used to bond the upper device. 

20 In this way, the lower bonds will not undergo the melting and solidification process when 
the upper bonds are formed. For example, for the lower device, the solder 36, 38 may 
comprise a Au-Sn eutectic solder (e.g., having a memng point of about 280°C), while for 
the upper device, the solder 36', 38* may comprise a Sn-Ag eutectic solder (e.g., having 
a melting temperature of about 215°C). Alternatively, the first soldering material 36, 38 

25 for the lower device may comprise a Pb-Sn eutectic solder (having a melting temperature 
of about 183°C), while the second soldering material 36', 38* for the upper device 
comprises a Bi-Sn eutectic solder (eg., having a melting temperature of about 139°C). 
A multi-layer vertical interconnection of devices also may be carried out using different 
solders with a hierarchy of memng points. Additionally, the soldering materials 

30 optionally may contain one or more carbide forming elements to improve the interface 
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bonding between the solder and the nanowire or circuit pad surfece. 

The nanowires used in making the vertical interconnections preferably have small 
dimensions. The diameter of each nanowire is typically less than about 200 ran, 
preferably less than 50 nm, and even more preferably less than 10 nm. The height of 

5 each connection, or the length of each nanowire, is typically in the range of about 10 to 
1000 nm. The length of the nanowires desirably is at least 10 nm, preferably at least 100 
nm, and even more preferably at least 1000 nm so that they are sufficiently long and thin 
to achieve a high aspect ratio and mechanical compliancy. However, there are 
constraints to lengthening the nanowires too much. The longer the nanowires, the more 

10 difficult it is to maintain electrical properties over their length (particularly in the case of 
carbon nanotubes), or to maintain the vertical alignment Also, a longer nanowire 
translates to a longer process, e.g., the growth must continue for a longer period of time 
to achieve the extended length. An upper limit for the nanowire length typically may be 
less than 100 micrometers, more preferably less than 20 micrometers, and even more 

15 preferably less than 2 micrometers. 

The nanowires used for the vertically -interconnected structures can also possess 
device characteristics in themselves, Le., besides straight-forward electrical conduction. 
For example, a composite nanowire may have at least one heterojunction present along 
the length of the nanowire. It ia known that a silicon semiconductor nanowire can be 

20 grown onto the end of a metallic carbon nanotube, or vice versa. See, e.g., J. Hu et al. t 
NATURE VoL 399 (1999), at p. 48. The metal-semiconductor heterojunction can be 
integrated into one or more of the nanowires to serve as a rectifying diode device. Other 
types of devices such as p-n junctions or tunneling device structures also may be 
incorporated into the nanowires. FIG. 6 schematically illustrates an interconnected 

25 device where the nanowires themselves comprise composites of metallic carbon 
nanotubes 4a and semiconductor wires 4b. A lower circuit substrate 10 has contact pads 
thereon 12a, 1 2b, and the nanowires are bonded thereto at portions thereof comprising 
carbon nanotubes 4a. An upper circuit substrate 10' has contact pads thereon 12a\ 
12b*, and the upper part of the nanowires 4b comprising semiconductor wires are 

30 bonded to these upper contact pads 12a*, 12b.* These composite nanowires may be 



(31) 



#612 0 0 2-1 4 1 6 3 3 



Brown 7-5-186 16 

grown in an aligned parallel festoon on a dissolvable substrate and their lengths ' 
equalized, as described above, and they may be solder bonded to the substrates 10, 10% 
also as described above. An array structure can be used for a high-density assembly of 
such devices. 

5 It is understood that the embodiments described herein are merely exemplary and 

that a person skilled in the art may make many variations and modifications without 
departing from the spirit and scope of the invention. For example, instead of using a 
dissolvable substrate for the initial growth of nanowires, one could use a non-dissolvable 
substrate or a dissolvable substrate without resorting to the dissolution approach during 

10 subsequent processing. The substrate can be mechamcally pulled away and separated 
from nanowires at one set of ends while the other ends are strongly bonded onto the 
desired circuit pad, e.g., by solder bonding. When this alternative approach is used, the 
bond-strength at the substrate-nanowire interface should be substantially lower than that 
at the nanowire-pad interface. For example, carbon nanotubes grown on a quartz 

15 substrate will have a relatively weak bond strength and can be easily separated from the 
substrate by use of a weak mechanical force. All such variations and modifications are 
intended to be included within the scope of the appended claims. 
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5 A circuit device is disclosed comprising at least two circuit layers or circuit 

devices vertically interconnected with a plurality of parallel and substantially equi-length 
nanowires disposed therebetween. The nano wires may comprise composites, e.g., 
having a heterojunction present along the length thereof, to provide for a variety of 
device applications. Also disclosed is a method for making the circuit device comprising 

10 growing a plurality of nanowires on a dissolvable or removable substrate, equalizing the 
length of the nanowires (e.g., so that each one of the plurality of nanowires is 
substantially equal in length), transferring and bonding exposed ends of the plurality of 
nanowires to a first circuit layer, and removing the dissolvable substrate. The nanowires 
attached to the first circuit layer then can be further bonded to a second circuit layer to 

1 S provide the vertically interconnected circuit device. 
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